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1. INTRODUCTION

Computers that understand speech are expected to facilitate natural man-
machine interaction, but the problems involved demand the attention of several
disciplines, including linguistics, computer systems design, perception theory,
speech research, and englneering. Linguistic and perceptual arguments, in
particular, suggest that devices which recognize speech will have to make use
of grammatical structure ("syntax") in early stages of the recognition pro-
cedures (Lea, 1972a,b; 1973b; lea, Medress, and Skimner, 1972a). This can be
accomplished, in part, by using certain acoustic correlates of prosody, such as
energy and voice fundamental frequency contours, to segment the speech into
grammatical phrases, and to identify those syllables that are given prominence,

or gtresg, in the sentence structure.

-

In this paper, methods are described for (1) detecting syntactic boundaries
from fall-rise patterns in voice fundamental freqpency'(Fo) contours, then (2)
locating gtressed syllables, within each syntactic unit, as high-energy portions
of the speech which exhibit significantly high and rising (or, in some cases,
non-falling) Fo contours. The algorithmic locations of stressed syllables are
compared with listeners' perceptions of stress, to determine how well the
algorithmic results correspond with perceived prominence.

Once the c;hnected speech is segmented into phrases, and stressed syllables
are located, the vac speech recognitioh strategy would call for a partial
distinctive fea@urés‘agﬁizg}s within each gtressed syllable. Consonants and
yowels are expected to be more clearly articulated and eésier to distingqish

' in‘stresaed syllables, than in unstressed or reduced syllables (ef. lea, Medress,

and Skinner, 1972b), where articulation (and consequent acoustic information) is
not as precise or consistent from talker to talker or time to time.

Next, the partial distinctive features description would be matched with
generated or stored patterns for possible stressed gyllables or words in the
lexicon. Then a guess as to the word content of the constituent would be made,
based on the reliable feature information from the stressed syllables, plus
other reliable data within the constituent (such as presence of coronal strident

12
1




‘rather consietently classified all syllables in the spoken texts into one of
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fricativee, etc.; cf. Medress, 1972) Each guess as to constituent identity
would be combined with those for other conetituente in the sentence untll a

satisfactory set of hypotheses for all constituents ylelded the grammatical,
neaningful sentence.

In addition to aiding partial distinctive features estimation, the pres=-
ence of syntactic boundaries and the positions of stressed syllables are
expected to help guide syntactic parsers (Lea, 1972a). For example, an
investigation has begun of the feasibllity of using prosodically-detected
syntactic boundaries to affect the priority order on transitlon arcs and the
pop-up procedures in parsers based on Wood's transition network grammar
(Woods, 1971).

In the remainder of this report, the encouraging successes in applying
the boundary detector and a stressed eyllable location algorithm will be
presented. In section 2, the speech texts selected for this research are
given, and their relative merits for prosodic analyses are outlined. Then,
in section 3, an algorithm is deseribed for detecting constituent boundaries
from fall-rise patterns in F contours, and its application to the selected
texts is shown to provide eucceeeful detection of over 80% of all predicted
syntactic boundariee.

In eection by experimente are dsscribed which show that several listeners

three categories - stressed, unstressed, or reduced. Issuee of interest with
regard to these stress perceptions are the effects of individual talkere,
individual listenere, various texts, how consistent the listener's per«
ceptions are from time to time, whether the listener can predict gtress levels
given only the written text (without lietening to the speech recordings), and
which stress levels (Btreesed unstressed, or reduced) are most consistently

aesigned, The majority decisions of the team of listeners provide the

standard by which a stressed syllable algerithm can be judged.

e
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- In section 5, an algorithm is described for locating stressed syllab]fés
\ o within the phrases delimited by the constituent boundary detector. This
alg.orithnr;\@\c‘tj is based on previous intonation theories and studles of
acoustic correlatés of stress, assumes that stressed syllables will be
accompanied by riainé or non-falling Fo and large energy integral. - The o
results show that about 85% of all syllables that were usually judged as .
' streésed by a majority of the listeners were also fdund by the algorithm. |

' In section 6, further work ls outlined, to improve the algorithms for
syntactic segmentation and stressed syllable location, and to combine
partial distinctive features analysis within the stressed syllables with /
, aids to syntactic parsing. Such efforts would yleld critical portlons of t/" .
—the proposed speech-recognitionstrategy.— — T
I o

Appendices are iﬁcluded to detail the results in constituent boundary
location (Appendix A), perceived stress patterns (Appendix B), and the
results of algorithmic location of gtressed syllables (Appendix C).
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2. SELECTED SPEECH TEXTS

To test the algorithms for boundary detection and stressed syllable
location, speech texts had to be chosen, recorded, submitted to listeners
for stress perceptions, and analyzed by the computer programs. The primary
text cho?en for these studies was the first paragraph of the "Rainbow
Passage" (Fairbanks, 1940). It reads as follows:

"When the sunlight strikes raindrops in the air, they act like a
prism and form a rainbow. The rainbow is a division of white light
into many beautiful colors. These take the shape of a long round
arch, with its path high above, and its two ends apparently beyond
the horizon. There is, according to legend, a boiling pot of gold
at one end. People look, but no one ever finds it. When a man
looks for something beyond his reach, his friends say he is looking
— for the pot of gold at the end of the rainbow."

This text (hereinafter called the Rainbow Script) has been used
extensively in studies of prosodic patterns in speech, and has the advantage
of being & well-lnown semantically-connected text of declarative sentences,
with a variety of grammatical phrase structures (cf. Lea, Medress, and ‘

. Skinmer, 1972a). It was recorded by six talkers (four male, two female) in

a quiet room at Purdue University.

‘In texts like the Rainbow Script, the factors determining positions of
gstress within words (lexical stress) are compounded with sentence structure
effects on stress (ef. Chomsky and Helle, 1968; Halle and Xeyser, 1971).
Another text which was composed of only monosyllabic words was also analyzed,
to eliminate or minimize lexicai stress effects. Thié‘text,'read by two of
the six talkers who had read the Rainbow Script, is the first paragraph of a
short story: 7
|

"John and I went up to the farm in June. The sun shone all day, and

wind waved the grass in wide fields that ran by the road. Most birds
had left on their trek south, but old friends were there to greet us.
Piles of wood had been stacked by the door, left there by the man who
lives twelve miles down the road. The stove would not last till dawn
on what he had cut, so I went and chopped more till th%;sun get."

15
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Lea (1972a,b) had previously processed recordings of this text (herein-
after referred to as the Monosyllabic Script) for constituent boundary detection
at Purdue University. Comparing his previous results with the boundary
dotections found by the Univac implementation of his algorithm helped verlfy
the new algorithm. : -

Both the Rainbow Script and the Monosyllabic Script involve read speech,
all of declarative structure. To evaluats the boundary detection and stresséd
syllable location techniques with questions, commands, and declaratives of
direct utility in}n';n-machine interactions, thirteen sentences were selected
from actual record:l.ngs by five contractors who are developing speech under-
gtanding systems for the Advanced Research Projects Agency (ARFA) of the

-~ =~ “Department of" Defenss—(ct. Newall, &t al., 1971)+ Most ‘of these sentences———
were not reed, tut were composed on the spot in gimilated protocols of man-
machine interaction. / The semantic context of each sentence was pertinent to
a particular task domain adopted by the builder of a speech understanding
system, such as retrieving information on lunar rock samples (Woods, 1971),
other information-retrieval tasks, instructing a robot to move objects in a
block world (Walker, 1973), or voice programming.

These thirteen sentences a.ré as follows:

1. (Is21) Who's the owner of utterance eight?

2. (1M13) Display the phonemic labels above the spectrogram.

3. (B27) Do any samples contain troilite? ) 7.

4. (B1O) What 1s the average uranium lead ratio for the lunar
samples? ‘ J ‘

5. (RB6) Do you have any right square boxes left?

6. (RB16) Put the other red block on the red block.

7. (1M3) Who is the owmer of utterance eight?

g. (r35) Do any samples contain tridymite?

9. (RA19)  Would you move the stack of right cipcular cylinders to
the right by half a square? ' i'

10, (RC8) Place ths red triangle two squares Pack from the front
- of the floor in the middle. /
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11. (CV1300) Alphe becomes alpha minus beta.
©12. (CV2300) Alpha gets alpha minus beta.

13. (D10) Repeat where key work equals Gauss elimination or key
word equals elgenvalues. .

The recordings of these 13 "ARPA Sentences" involved ten different talkers,
each one saying one or more of the sentences,\ap indicated by the distinguishing
alphabetic code for each taelker, shown within the parentheaes.l

We shall distinguish the first six ARPA sentences (hereinafter referred to
as "GARPA Sentences") from the last seven (referred to as "7ARFA Sentences"),
since the first six are being studied extensively by various ARPA contractors,
while the seven additional sentences were selected by the author to provide

boundaries than the first six had provided. These sentences show a varlety of
sentence types (three questions with interrogative words (who, what), three
yes-no questions, four imperatives, one "polite" command or request, and two
declarations), with emphasis on questions and commands, which are expected to
be of major interest to man-computer comminications. Some of the structures
(as in D10) are not usual English forms, but obey syntax equations being
designed into the restricted parsers of speech-understanding systems. Yet,
each sentence has at least one interesting phrase structure or contrast with
another pOSSible structure, such as the compound nouns in D10, sequence of noun

_ phrases and prepositional phrases in RA19 and RC8, or the "minimal pair"
contrasts between B27 and B35 or LS2l and LM3.

¥

1. The first letter of the code identifying each sentence, as shown within the
parentheses of this list, indicates the ARPA contractor which recorded the
sentence (B = Bolt, Beranek, and Newman; C = Carnegie Mellon University;

D = Systems Development Corporaticr: L = Lincoln Leboratories; and R = :
Stanford Research Institute). The second letter, when it appears, identifies
which talker from that orgenization spoke the assoclated sentence, or, in the
case of CV codes, it marks the task as voice programming. Numbers in the
code indicate the order in which the sentence appeared in that organization's
protocol of utterances. This complex code is included here since these same
utterances are being studied, under.such identifiers, by various ARPA
contractors.

17
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h texts provide’a total of 379 predicted
1128 syllables for evaluating the effectiveness of the

The recordings of all these spaéc

syntactic boundaries and
boundary detection and stressed syllable location algorithms.
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3. GONSTITUENT BOUNDARY DETECTION

3.1 Obtaining F and Energy Msasurements

The speech recordings for the Rainbow Seript, Monosyllabic Script s and
ARPA Sentences were digitized and submitted to computer programs that obtained
fundamental frequency and broadband (5 KHz) energy meesures for each 10 milli-
seconds (ms) of speech. The fundamental frequency measure in Hertz, as provided
by autocorrelating the center-clipped waveform (Sondhi, 1958), was also converted
to eighth—tones, yielding a log frequency scale for relative measuremeats. The
energy measure was obtained, using a 25.6 ms Hanning window, from the sum of the
squares 9f-the time waveform values (Blackman and Tukey, 1958), followed by a
conversion to a relative (6B) scale. Smoothell spectra from a linear prediction
scheme (Makhoul 11972) and formant tracks were also obtained, but were not used

for the present “studies except to help determine where in the text each F or

energy effect occurred. 11
.

N
The F and energy measurements were plotted versus time by a éomputer
plotting program. For examples of F and energy plots, see (Lea, Nbdress, and
Skinner, 1972a,.p. 25) or Figure 12 in section 5 of this report.

{

2.2 The Congtituent Boundary Detector
The F measurements were then submitted to an algorithm for detecting

boundaries between major grammatical constituents. This boundaryudetection
algorithm (Lea, 1972a,b; 1973b) is based on an assumption that F_ will usually
decrease (about 7% or more) at the end of each major syntactic constituent, end
then increase (about 7% or more) either at the beginning of the following
constituent or after any unstressed syllables at the beginning of* that following
constituent. Experimenting with fundamental frequency contours in over 500
seconds of speech (including short stories, newscasts, weather reports, and
excerpts from conversations, spoken by hine talkers), lLea had shown that over
80% of all syntactically predicted boundaries were correctly detected (Iea,
1972a,b; 1973b). Lea had, however, observed that about half of all "missing"
boundaries were due to predicted boundaries between noun phrases and following

19
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. guxiliary verbs or main verbs. He concluded that such noun phrase-verbal
‘boundaries should not always be expected in phonological structure.

Detecting such syntactic structure fro‘m 'Fo contours is complicated
by the fact that, at consonant-vowel (and vowel~consonent) boundaries,
variations in Fo occur which may be confused with the changes marking
syntactic boundaries. False (syntactically unrelated) boundary detections
resulted from F variations at these boundaries between vowels and con-
gonants, but most such false alarms could be eliminated by gsetting a
minimum percent variation (about 10%) in F  for a boundary detection. A
detailed study of Fo variations Q:b phonetic boundaries (Lea, 1972a, Ch. 4;
cf. also Lea,. 1973a) clearly indicated that such phonetically-dictated
changes in F_ would rarely exceed about 10%.

The boundary detection algorithm also detects clause and senténce
o boundaries wherever long (350 ms) stretches of unvoicing (i.e., "pauses")

occur.

While several improvements could be made in the original algorithm,
and in the.previous predictlons as to where syntactic boundaries should
be detected, the present ’studies were done with substantlally the same
algori{:hm, implemented as a FORTRAN program at the Univac Speech Communica-
tions I.abora.‘tﬁory. One exception 1s that the results to be reported for the
Rainbow Text were obtained by a hand analysis, strictly following Lea's
algorithm, but including one refinement which eliminated some false
boundaries resulting from large (7% or greater’) variations ir F_ that only
1ast for one 10 ms time sample. The original hypothesis that boundaries
would occur between noun phrases and verbals was also maintained, until a
precise formilation of when it fails could be established. As Lea had
previously suggested (Lea, 1972b), boundaries were not predicted between
pronouns and following verbals.

Y
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3.3 Boundaries Detected in the Rainbow Text
' Figure 1 shows some typical boundary marking for a portion of the Rainbow
Seript, spoken by male talkers ASH, GWH, WB, and JP, and female talkers PB and
FR. Detected boundaries that corresponded to predicted boundaries are shown
by vertical bars below the place in the speech where they occurred. Unpredicted
F valleye which could be correlated with lower level syntactic boundaries are
shown by colums of dots. False boundaries, due to nonsyntactic effects such as
Fo changes at consonant-vowel boundarles, are shown by questlon marks. -When s
predicted boundary was missing from the detection, an asterisk is marked at the
predicted position for the syntactlc boundary. Sentence boundaries, determined
by "pauses" of long—termﬁunv01clng, are marked by dollar 31gns ("S'a" with the
vertical bars of "predlcted" boundaries). ’ :

Thus, predicted boundaries are shown to be detected for all talkers between
the copulatlve is and the object noun phrase & division, and before prepositional
- phrases of white light and 1nto many beautiful colorg. The predicted boundary
dbetween the noun-phrase subgect The rainbow and the verbal is was detected for
‘five of the talkers, but missed in thejF contours of talker PB. These noun
B phrase/verbal boundaries are more frequently'mlssed in other instances in the
texts, as may be seen from Figures A-l, A-2, and A-3 of Appendix A, which
illustrate the complete #et of boundary detection results for all the texts and
"talkers.

Sometimes the rise in F into a constituent may be delayed due to initial
weakly stressed syllables or function words like &, of, into, etec. The bottom
of the F valley may then be ‘delayed until %ithin such weak beginnings of
constltuents, such as illustrated by the horizontal arrows in the beginnings of

constituents such as a division, of white 1light, and into many beautiful colors.

This delay is considered a predictable result of the stress patterns, and such
displaced boundaries are still considered cOrrectly'detected. These delays,
however, illustrate that,the élgorithm is not locating syntactic boundaries,
only detecting them. | '
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' Table I summarizes the boundary detection results obtained from the hand
analysis of the Rainbow Text, &s spoken by the six talkers. Forty-two con-
stituent boundaries had been predicted by the independent syntactic analysils
based on an intuitive constituent-structure division of the sentences, and
previous experience with fundamental frequency patterns. Table I shows that
the number of correctly detected boundaries (second column from the left)
varied somewhat from talker to talker, yielding detection scores (third
column from the left) that ranged from 67% to 86% of all predicted boundaries
that were detected. ' The average detection score (79%) is very close to the

, 81% scores obtained by Lea in previous experiments with other texts (Lea.,
1973b). v -

Also tabulated in Table I are the numbers of "extra!" detected boundaries

" (fourth column from the left) that related to boundaries between minor synta.ctlc
constituents, but which had not been pred_.nted by the particular Synta.ctlc
analysis used. An improved procedure for predicting prosodically-marked
syntactic boundaries might include thess among the "predicted boundaries for
future studies. The last column in Table I shows the number of false
(synta.ctically unrelated) boundaries that were found in each spoken text.

These "false alarms" are considerably reduced in number from Lea's previous
results (1972b, p. 66), because of the refinement that requires F mexima a.nd
minima to last for at least two time segments (20 ms). .

A1l boundaries betwsen matrix éen*i;ences (fivé per talker) were accompanied
by lorig (350 ms or more) durations of unvoicing, apf*were thus correctly marked
as sentence boundaries. However, boundaries between embedded sentences (that
is, clause boundaries within matrix sentencgas), while always marked as
constituent boundaries by Fo valleys, were a..ccompanied by pauses in only 14 of
the expected 24 instances.

An apparent "sen_tential pause" that had not been predicted (but which is not
surprising) occurred after the perenthetidal phrase according to legend, for two
of the six talkers. No pauses of 350 ms or longer occurred at other than such
major syntactic boundaries. '

23
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These results for the Rainbow Script are very similar to thoae found
earlier by lea for another set of ‘talkers reading weather repoi‘ts , newscasts,
and other texts, and for short conversational excerpts.

3., Boundaries Detected in the Moposvllabic Soript

Figure A-2 in Appendix A shows the complete set of boundary detections
for the Monosyllabic Script,as found by the Univac implementation of Lea's
original algorithm. These compute'r-derived results are similar to those
shown in Figure 1 for the Rainbow Script, and agree substantially with results
reported by Lea (1972b, p. 199) for two other talkers.

Table II summarizes the boundary detection results for the Monosyllablc
Script.' The scores of 86%:(for ASH) and 80% (for GWH) show substantial

improvement from the respective scores of 73% and 66% correct detection of
predicted boundaries reported for the same two talkers (ASH and GWH) in lea's

earlier hend analysis (Lea, 1972b, p. 56). The reason for this iﬂ:provement is a

revision in the syntactic predictions (based on the previous resuits with other
ta.lkers) whereby boundaries are not expected (a) between pronouns and following
verbals (though they are presently still predicted between non-pronoun noun
phrases and following verbals) or (b) between man and the following relative

- pronoun who. Also, boundaries had ' (erroneously) not been predicted between

piles and of wood, and between the adverbial conjunction til] and the sun, in
the earlier work.

It is expected that other refinements of the boundary 'preaictiona could be.

~ made, and should be based on a more precise theoretically-cohesive gset of rules

for predicting intonation contours from syntactic structure (cf. Bierwlsch, 1966).
A study has begun to devise \guch rules, incorporating some recent work of Jane
Robinson (University of Michiga.n).

Half of the missing boundaries (predicted but not' detected) were between
noun phrases and following verbels, 8o that the planned raf%naqxent- to not predict

_boundaries in such positions will bring the boundary detection scores to above

90%0
29
14




UNIVAC

Report No. PX 10146

\

a3lo3alad
S3NRvaNnosd
«3STVd,,
40 ¥3IGNNN

9

9

- @3ldo3iiia
<3IAVANNOS
qq<¢.—.xmss
40 ¥3GNNN

!

08 12> HMO
98 9¢ HSY
aild3liaa a3lo3i3id
ATTLOTWICT AT1LOIWIOD
S3IRIVANNOSY S3RIVANNOSE AIATVL
aildiqaiyd a3loia3ayd .

TV 40 % 40 ¥3IANNN

1d40S U_m<._4>m0.202 Y04 SLINSIYV NOILOILIC AUVANNOS

‘Il 37149Vl

26




3.5 Boundaries Detected in the ARPA Sentences

.R_eport No. PX 10146 ' ONIVAC

As shown in Table II, each talker also yielded six extra boundaries,
about half of which were due to "Tune 2" fundamental frequency rises at the
ends of sentences (Armstrong and Ward, 1926 Iea, 1972b, p. 25). A refine-
ment in the boundary detection procedure in sentence-final positions can
readily oliminate these "Tune 2" effests {(lea, 1972b, pp. 68-69).

Seveén false alarms occurred in the text by ASH, and three in that by
GWH. All but one of these can be eliminated by the Irefiﬁénent (see discussion
of the Rs.inbow Sceript) that req_u.ires that each new maximm or minimum F must

- be ma.in ned (above the 7% threshold for F fal1l or rise) for at least 20 ms.

-

Figure A-3 in Appendix A shows the complete boundary detection results
for the thirteen ARFA Sentences, as obtained by the Univac implementation of
the boundary detector. For various reasons, the overall boundary detection
gcore (74%) 1s somewhat lower than for the resd texts used in previous studies
(79% to 90%). For one thing, some of the utterances (e.g., IM3) were quite
monotone in expression y yielding insufficient F variations to trigger the 7%
thresholds of the bounda.ry detector. & few sentences were said with goveral
hesitation pauses, and somewhat unusual inflections compared 4o the speech
previously studied. As shown in Table A-I of Appendix A, the type of sentence
had some effect on results, although no strong cla.ima can be made about effecte
of sentence types from this amall amount' of data.- 8ix of the thirteen missing
bou.ndariee were within compound nouns such as key word, tion, =nd
uytterance eight. Despite these variations from previous results, it is
encouraging that 74% of the predicted boundaries yere found in these various
forms of spontaneous utterances pertinent to man-machine interactions.

Extra boundaries that occurred were sometimes 'associa.ted with talker's
hesitations as they thought about what to say next, or with unusual stress
patterns apparently assoclated with the spontaneity of the utterazces. Eight
"false" pauses occurred that werse not clause or ssutence bounda.ries, but .rather
were thoughtful: hesitations not to be found in read speech. Some of these
occurred at constituent boundaries, but not all (cf. Goldma.n—Eieler, 191).

27
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Seven false constituent boundaries were also detected, all‘but one of which
can pot be eliminated unless the minima and maxima of F are required to
remain beyond the 7% thresholds for at least thirty milliseconds.

In Appendix A, a study 1g described which detsrmined the effects of
varying the threshold for ngignificant" F falls or rises. A threshold of
3% decrease or increase in F will allow detection of all but one predicted
boundary, but will substantially increase the number of false boundaries
detected, when compared to the 7% threshold value used in the present studies.
These effects of threshold were very gimilar to those previously found (Lea,
1972b, Figure 5.5 ) for other texts, except that somewhat smaller r ¥ varia-
tions appears to be adequate for boundary marking in the spontaneoue speech
of the ARPA sentence.. lntonational variations thus a"fear to be moure
nanimated" (i.e., lerger) in the reading of texts than in simulated man-
machine interactlons.

The Univac implementationof the constituent boundary detector allows
different thresholds for F decreases and increases, a refinement not incor-
porated into Lea's earlier algorithm. The threshold studies reported in
Appendix A show that better boundary detection results (that is, more predicted

5L~r . . boundariss are actuslly detected while fewer faise boundaries &are detected) -

| when the threshold for F_ fall is greater than that for F, rise. This is .
consistent with previous studiee that have showg a general trend woward -
falling ¥ contours, with local interruptions of that falling contour marking
the beginnings of new, congtituents.

3.6 Summary of Boundary Detection Regulte
Table III sumarizes all the boundary detection results for the three

texts, showing percents of all predicted boundaries that were detected, the
pmmbers of extra boundaries related to minor constituent bresks, and the '
numbers of false boundaries. ' «

These results encourage one to use F -dgtected boundaries in detecting
significant aspects of sentence structure directly from acoustic data. This

| S 28
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ig true even for spontaneous utterances taken from man-me -aine interactlons,
such as the ARPA gentences. In section 5, we shall see that the successes

(and occasional failures) of the boundary detector play critical roles in
_ the process of stressed syllable location.

1
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4. PERCEIVED STRESS PATTERNS

" 4.1 Experimental Methods

Experiments have also been conducted to study the gtress patterns in the
Rainbow Script, Monosyllabic Script and ARPA Sentences. Actually, a three-
fold experimental effort is involved in the total study of stress patterns
(cf. Lea, Medress, and Skinner, 1972a). One aspect is the presentation of
the scripts to individual listeners, who are asked to mark their personal
judgments as to which syllables are stressed, unstressed, or reduced. A
second aspect of the studies of stress is the analysis of acoustic correlates
of stress, and the test:.ng of an algorithm for stressed syllable location
from acoustic data. A third aspect of the stress studles is the prediction
of stress levels and vowel reductions from linguistic analyses, including
syntactic analyses of the sentences in the speech texts, followed by
application of e.ppropriate stress rules and vowel reduction rules. These
linguistic predictions of stress may be done with any of several available
sets of rules for English stress assignment. -

Only the first two aspects of these stress studies will be discussed in
this report. The linguistic predictlons are the 'subject for a future report.
The algorithmic location of stressed syllables from acoustic data will be

digcussed in section 5. Here we consider the experiments on perceived stress.

Listeners' perceptions of atresa, provide a standard by which stress
detections from acoustic cues can be tested. Previous studies have attempted
to determine how listeners' judgments of stress vary as certain acoustic
features are varied,usuaily in synthesized speech (cf. lea, Medress, and
Skinner, 1972a, pp. 32=40). However, few such studies have been concerned
with the stress patterns throughout sentences; 3 most work was done ‘on 1isolated
words such as minimal pairs of noun versus verb (Egnit/perm, etc.). Some

attempts have beetn made to determine ligteners' perceptions of the most
 stressed syllable in a Sentence, or which of two specific syllables is more
stressed, or whether a specific single syllable is or is not stressed. The
present r_experiments extend studies to gll syllables in the sentences.
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Three listeners (WAL, MPM, and TES) each individually heard (through
earphones) the Rainbow Script as recorded by the six talkers, the Monosyllabic
Sceript as recorded by the two talkers, and the ARPA Sentences. Each listener

heard clauses or sentences, or other extended portions of the text, repeated

- at will, by the listener's rewinding and feplayiﬁg of the tape. The Rainbow
Script was specifically sepérated into clauées separated by long pauses, to
aid the rewinding and replay, while the other recordings were hot. The
listeners endeavored to rewind far enough to always hear an entire clause, to
have a constant context within which to judge relative stress levels. Fach
listener could listen to the tape portions as often as necessary to mark each
syllgble. He was free to back up the tape at his choice, and no ﬁiﬁe limit 7
or procedural constraints were placed on him. ' ' )

_ The listener was instructed to mark {in whatever way he chose), for each'
syilable, whether he heard that syllable as stressed, unstressed; or reduced.
To facilitate marking for eachvsyllable, each script was typed on a sheet of
paper with vertical slashes between syllables (except for the Monosyllabic
Seript, in which each word is one syllable). A mark was required for each
syliable (betﬁ%en two slash mﬁrks). The listener received one such sheet

for each talker and text. An example perception’ sheet is ghown in Figure Bl
of Appendix B. )

Each listener repeated the perception test three times (with no less than
three days between trials) to establish listener consistency from one time to
enother. Also, to establish that the actual speech heard was playing a role
in stress judgments, the ligteners were also asked to report their stress
judgments given gg;ztthevwritten text. This test with no speech was included.
to determine whether the listener's presuppositions,_internal "theory" of
expected stress patterns, or own way of speaking the sentences was the sole
gource of his decisions, or whether the acoustic data actually was supplying
cues to stress patterns. These uo—-3peech gtress judgments were also obtained

in three repetitions, spaced three or more days apart, to test their repeatability.
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The Rainbow Script. contalns 127 syllables, the Monosyllabilc Script 87 .

syllables, and the ARPA Sentences 171 syllables (71 in GARPA, 100 in 7 ARPA).
With three repetitions with speech, three without speeth, three listeners,

and with the various speakers involved, this totals to about 13,000 judgments

of stress levels for syllables in connected texts. In the following sections

we will try to summarize these exTensive results. Section 4.2 presents the
majority judgments of the panel of listeners about the_stress levels of all
syllables in the texts. The differences between the perceptions of each

listener and those of the other listeners will be explored in section.4.3.

The differences from one repetition of thé exporiment. to another will be

presented in section 4.4. In section 4. 5, stress perceptions from speech
recordings are contrasted to stress Judgments glven only the written text,
and 1mp1_cations about the English speaker-listener's rules for linguistic
stress assignment are considered. Some effects of sentence type (yes-no
quéstion, WH-question, command, declarative, etc.) on stress perceptions
will be discussed in section 4.6. A summary of conclusions from these
stress-perception studies will be given in section 4.7. |

b2 Magorltx Judgments of Stress Ievelg
'~ To provide a single overall dec131on about the stress level of each
syllable in each of the texts, majority votes had to be obtained. First,
= for each listener, his majority vote as to the stress level of each syllable
i was found from comparing his three repetitions of the listening test with
sach text. (These judgments of the individual listener will be explored in
/ more detail later.) Then the results for all.three listeners were pooled
as shown in the plots of Figure 2 (and Figures B2 to B-15 in Appendix B).
Plottzd in Figure 2, for each syiiable in the. Rainbow Script read by ASH,
are the number of listeners whose majority vote says the syllable is
stregsed, minus the number of majority judgments characterizing the syllable
as reduced. Unstressed judgments were assigned values of zero. Thus, if all
three listeners heard a syllable as gtressed (on their majority decisions
from three trials), a value of +3 was plotted; if two listeners gave majority

votes of reduced for a syllable, and the other listener perceived it as un-
stressed, a value of -2 (minus two) resulted. Occasionally (actually, very

33
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o rarely), one listener's Jjudgment of redyced cancelled another's judgment of

Sy ‘\tha syllable as gtregsed. These cases of opposing Judgments are marked on
Figure 2 (and Figures B-2 to B-15) by double-ended arrows ($) below the
corresponding syllable of the text.

A “

- The syllablss which were most Gelinitely giresged (i.e., perceived by
all listeners as stressed) thus were at the top of the scale; those
definitely perceived reduced were at the bottom of the scale. From such
results, one can readily see which syllables are unanimously judged as
stressed, which are judged as stressed by a majority.of the listeners; etc.
When syllables such as long, round, path in the second sentence shown in
Figure 2 are unanimously judged as stressed, one can be mors confident that
acoustic cues to stress are to be found. In section 5, we shall assume that
all syllables which had an overall stress score of +2 or +3 are gtressed, ‘
and should be found by the algorithm for stressed syllable location.

From Figurés 2 and ‘B-2 to B-15 (in Appendix B), one can observe that
about 40%.of all syllables were judged as stressed (stress score (SS) .of +2
or +3) by the panel of listeners. About 25% were judged unstressed (SS = +1,
0, or -1), and about 35% were judged reduced (S8 = -2 or -3).

Thus, if one were to analyze only the.stréssed syllables, as suggested
in section 1, the distinctive-features analysis could be avoided in ﬁhe 60%
of unstressed and reducedisyllables, where distinctive-features analysis 1s
presumsbly more difficult and urreliable.

4.3 Effactg of the Indivi Iistener on Stresg Perception

It %s obvious from the plots of stress scores in Figure 2 and Figures
B-2 to B-15 that listeners often differ in their judgmenis of stress levels.
Here we consider those differences in some detail. ‘

Suppose we first consider the syllable-by-syllable differences in majority
stress judgments between the listeners. (We consider here the majority
decisions from three trials by one listener, compared to corresponding majority
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. judgments from three trials by enother listener.) Every' time a syllable is
called stressed by one listener and unstressed by another, we have what we
might call a listener-té:-listener nconfusion” in stress levels. Similarly,
one listener's judgment as reduced and another listener's judgment as un-

stressed (or even stressed) represents a confusion. All of these differences
in é.ssigned stress levels can be summarized in confusion matrices, such as
previously illustrated by lea, Medress , and Skinner (1972a,b). With so many
texts, ta.‘lkers , and listeners, the number of confusion matrices 1s extremely
large (but they are available for those who may be jnterested in studying
them). The primary conclusions are, however, sumnarized in the plots of
Figu.re»s 5 and 4. '

~ Figure 3 shows the percentages of all strltass level judgments that differ
from one listener to another, plotted for each text and talker and for both
conditions of SPEECH (listeners hearing the speech recordings) and NO SPEECH
(individuals judging the stress levels from the written text only). There 1s
1it+ls variation in the percentage of c,onfusiona between listeners for different
texts and talkers, and speech versus no-gpeech cdnditioﬁs. However, there is a
prominent effect due to the individual listener. Listeners WAL and MFM show
different judgments for about 20 to 30% of all syllables. These confusions
are conslderably fewer than those between listeners WAL and TES (30 to 55%) and
between MFM and TES (about 45 to 60%)./ It is .apparent that listener TES glves
rosults that are markedly different from those of the other two listeners.
Iisteuers WAL and MFM are more alike . .

Figure 4 1llustrates an even: more serious way in which listener TES
differs from listeners WAL and MFM. Confusions (from listener to listener)
between stressed énd unstressed syllables are separated from thosge"between
unstressed and reduced syllablesL The white bars show the percentages of
unstressed-reduced confusions for each text, talker, and condition. The
crosls-hatched bars shoit corresponding percentages of confusions between
stressed and unstressed level;;. The extreme confusions between stressed
and reduced are shown by dark bars. Listener TES actually labelled as
reduced some syllables which the othér 1isteners called gtregged.
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3

The important fact shown by Figure 4 is that only about 2 to 8% of all
syllables wers judged as stressed by listener WAL and unstressed by MFM, or
vice versa, while stressed-unstressed confusions were much more frequent
between listener TES and either of the other two listeders (17 to 31% for
WAL vs TES, and about 18% to 28% for MFM vs TES). This is critical since
listeners' judgmentis of Qt.reggg syllables will be used to evaluate the
algorithm for stressed syllable locatlon.

These frequént differences in assignment of stressedness ‘to syllables,
and the occasional extreme conﬁlsions between stressed and reduced syllables,
suggest that one must be very careful how he pools the results for listener
TES with those for listeners WAL and MFM. Our procedure for overall stress -
assignment by adding the stress scores for each 1istener ylelds a result
which assigns stress tc a syllable (for comparison with the location algorithm)
whenever WAL and MFM agree that it is stressed, except in the extreme case
where TES calls that same syllable reduced. (TES never called a syllable
stressed when either of the other listeners didnit call it stresseq.)

These differences be tween listener TES and other listeners were observed
early in our stress perception studies (Lea, Medress, and Skinmner, 1972b). '
Iisteners WAL and MFM also were found to yleld results quite gimilar to those

of four otlhwr listeners used in 'pre'vioua gtudies at Purdue University, while
TES gave quite different results. However, for consistency, the experiments
were continued maintaining the same three listeners througnout.

A reagonable conclusion might be -‘to reject ligtener TES. Yet, one might |

argue that it is conceivable that TES is actually giving the Judgments

closest to the "true" stress levels of syllebles, and the other listeners are. |
“wrong and should be rejected. Lacking any way of deciding "true" stress
levels, how does one decide the issue? After all, as has been pointed out in
previous reports (Lea, Medress, and Skinner, 1972a,b), listener TES is much
more demanding about the characteristics of a stressed sylla.ble. His strategy -
of stress classification demanded that a syllable be very prominent before it
was classified as stressed. Such syllables will presumably have the most

a1
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marked acoustic correlates of high enei‘gy, high and rising Fo , and long
durations. Thus, an algorithm for stzjessed syllable location should be more
successful in finding the fewer number of syllablés that he categorizes as
ngtressed" than in finding all those categorized as stressed by less
demanding listeners. It 1s then easier to get high "hit" rates in stressed
syllable locations using TES's Judgments. We have chosen to take the -more
challenging goal of finding all syllables that were judged stressed by a
majority of the listeners.

In section Z...l,, evidencs wlll be given that does suggest that listener
TES bel\ rejected, not just because of his differences from other listeners,
but alsc because listener TES is not as consistent from repetition to
repetition of the experiment. ' -

It may be useful to igereen" listeners for future experiments, to
determine their consistency from i'epetition to repetition and their general
gimilarity to other listeners. The stability of results shown \in Figures
3 and 4 regardless of text or talker suggest that guch screening might bs
done with a minimum amount of speech, éuc;h. as one or two talkers reading
one or two short texts.

4., Congistency of Perceptions From Time to Time
Stress perceptions were obtained from geveral trials by each listener,

for each text and talker. to establish listener consistency from tims to
time. Thus, for example, listener WAL might listen once to talker ASH
reading the Rainbow Script, then listen to the same tape again several
(three or more) days later, then listen a third time after another few
days. Periods between trials varied from as few as three days‘to as long

as six or seven months. Results were reasonably consistent regardless of
the periodv between trials, prqviéad that the period was one week or more.
For some trials éepa.rated by only a few days, the 1isteners reported that
they could remember some of their previous assiénments. Future studies
should require a minimum of one week between trials.
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Figure 5 illustrates the percentages of all judgments that differ from ‘
one trial to another. This is compiled for each text and talker, and for ’
the NO SPEECH conditions, using the following procedure. Tor & g:i.ven recording,
the perceptions on trial A are compared to those for trial B. Foy_each syllable
that they differ (such as syllable gir being judged stressed on onb-$rial and) :
unstressed on the other), one coni‘usiopvwould be ’shown off the main diagonal ‘
of & confusion matrix. The number of syllables whose two trial judgments /
differ (yielding off-diagonal instances in the trial A versus trial B confusion
matrix), riivided by the number of syllables in the text, gives the percentages
of syllables confused from trial A to trial B. This is repeated ‘for trial B
versus trial C, and for trial A versus trial C. The averages of these three
: percentagesf of (off—diagona.l)‘ confusions is the value plotted for each text
and talker in Figure 5. Results are shown separately for each listener's
confusions from trial to trial. There is thus a very large amount of confusion
data summarized in Figure 5.

. The results show that listeners are fairly consistent from trial to
trial, regardless of text or talker. That is, less than 24% of all judgments
vary from trial to trial. For the Rainbow Script and the TARFA Sentences,
results are ciuite gimilar from listener to listener and from talker to talker,
or even from talker to NO SPEECH conditions. However , listener TES ylelded
considerably more trial-to- rial confﬁsions,,tha.n 1isteners WAL and MFM for the
Monosyilabic Script, where his more frequent stresséd—unstressed confusions
were undoubtedly affected by the many stressed sylla.bleg occurring in texts
of monosyllabic words. Trial-toh-i';riai confusions were particularly numerous
in the 6ARPA sentences, especially for NG SPEECH conditions. We shall see
later that this was in pa»rt_ﬂdy,e to the questions and unusual pauses and F_
variations involved-im these spontaneous utterances.
vons =

Figure 6 presents a breakdown of repetition-to-repetition confusions
into those hetween stressed and unstregged, unstfegged end reduced, and stressed:
and reduced, for each listener. As in Figure 4, where l;.stener—to—iistener
confusions were plot“.be'd‘, it is apparent that listeners WAL and MFM showed few

11

30 | .




« percentages of Stress Judgments That

Différ_ from Trial to Trial -

Report No. PX 10146 UNIVAG

w
o

YY)
o @®

- em = N NP

r £ g - r I @ g & g
= 23882 =<0 2 g 2 5 2
RAINBOW SCRIPT MONOSYLLABIC 6 ARPA 7 ARPA

SCRIPT SENTENCES SENTENCES
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(1 to 9%) stressed-unstressed (and no stressed-reduced) confusions, while
listener TES gave many more confusions (7% to 14%) from trial-to-trial.
In fact, listener TES produced more euressed-unstreased coni‘usians than

‘unstressed-reduced ones . Since the prime.ry intent of the stress perception
studies is to provide - stresl= sta.nda:rds by which a /treasad—sylhble locator
may be judged, such coni'usions about stressed sy,'ﬂa.bles are crucial. The -
lack of repeatability in stress judgnments, whs;i coupled with the other
unusual characteristics of TES judgments,’ woﬁld seem to be unacceptable in
future studies of streseed sy]lables.
i
We shall see inse&tion 5 that the stressed syllable loce.tion algorithm

locates about 85% o;’ ‘all syllables perceived as stressed by tlpe majority of
listeners. It, thus, misses about 15% of the stressed syllables, and it
lebels about 15% of the syllables as stressed even though they were not,
perceived as s}ressed by two or more listeners. When the perception "gtandard"
whereby the algorithm is judged varies from time to time by the same order of
magnitude as the differences batween the perceptions and the' acoustically-
derived decisions, it can hardly be called a "gtandard" any more. We desire
that the pa.st results with the standard accurately predict the next resu.lts

when applying that standard e.ga.in to the measurement of the same data. We,
thus, must rej ect TES date. for providing an eva.lus,tion of atressed syllable
iocation to any cioser thax 10 or 15% or sc. '

&y

Even with the perceptions of listeners WAL and MFM, we must realize that

the confusions of about 54 or so from time to time suggest we can not judge
the effectiveness of stressed syllable loce.tion to any precision greater than
about 5%. If a stressed syllable algorithm locates 95% of all syllables
perceived as stressed by majority votes of two or more listeners, it is doing
‘no worse than one repetition of the psreeptions wonld &o for predicting the )

perceptions from a second repstition of the experiment. We thus have no o
motivation to attain 98% "correct" location of stressed syllables rersus 95%,
etc., as long as we use the present form -of 1istener perceptions as the
gtandard.
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+that incrsasing the number of levels into which stress is categorized will
(on a 10-~level scale) from repetition to repetition is still a confusion ‘

~ than a stressed-unstressed confusion. One might try to define metrics

.perception ezpsrimenu, jority votes from three or more trials would seem

1

One might speculate that a new procedure for obtaining listener
judgments of stress levels, such as allowing a scale of 1 to 10, or an
assignmsnt of any arbitrary number to each syllable, might conceivably
yleld improved (more stable) perception results. _However, it is doubtful

actually improve the stability of results. A confusion of level 6 and 7
even though it_msy be said to be a finer-grained, or smaller, confusion

for measuring the size of such confusions, and try to suggest that the
overall confusion is decreased in some sense. However, it is important

to realize that an experiment so defined does not define an interval
measurement scale, in the measurement-theoretic sense (Stevens, l95l,
1969; Lea, 1971), and no such metrics would be justified in terms of the
abstract structure of the perceptual scale. The present e;perimsnts
define an ordinal measuremerit-theoric scale, which distinguishes three
nominal classes (stressed, unstressed, reduced) with an ordering (stressed
is "greater" than unstressed, unstresssd is "greater" than reduced), but

" no defined intervals (we have not required or demonstrated that the

rdigtance" or difference from stressed to unstressed is equal to that
from unstressedﬁto?reduced, etec.). v ‘
\ ! _
Since confusions‘d occur from repetition to repetition of the stress
to be suitable for obt g somwhat more stable results. The msjority
votes from three trials are expected to be more like those majorities

from three more subsequent trials than the single trial-to-trial judgments
wouldbe.- ' B '

4.5 Comparing Stress Judgments With Speech to Thggg Withoyt Speech
The general consistency with which most listeners can assign stress

levels to syllables in connected speech (Li, Hughes, and Snow, 1972; Lea, Msdress,
and Skinner, 1972a) suggests that there is indeed some psychological N
reality to the concept of stress. The fact that listeners assign o
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approximately the same stress patterns to the gpeech of different talkers

' reading the same text suggests that' either (a) the talkers are all con-

sistently conveying gomething that we might call the normative, unmarked

: patternwf linguistic stress for that structure and content of the text,
“or (b) the listeners are assigning stress levels not 80 much on the basis

of this stable imput acoustic data, but rather on the basis of thelr own
internalized theories of stress or their projection of how they would
have said the same text. ' |

Some evidence is already available to discount the idea that the

acoustic data plays absolutely no role iA stress perceptions. Previous

research on acoustic correlates of stress ha.ve's‘hown that listeners do
change thelir stress. judgments as acoustic parameters are varied under
wvarious controlled conditions (ef. e.g., Lieberman, 1980; 1967; Lehiste,
1970). The data in the present experiments (see Figures B-2 to B-15 in
Appendix B) show some differences from talker to talker, for the same
text, which are consistently show_nv in the assigned stress levels of all
listeners. The listener is indeed making nis stress judgments based at
least in pa.rt on the acoustic data, and not simply ozi the basis of
expected patterns. It would appear that talkers are generally assigning

~ equivalent ‘gtress patterns to the texts they speak, presumably following

an unmarked "linguistic" “stress pattern determined by the lexical content
and structure of the sentence, but that the individual talker will |
occasionally deviate from a strict pattern, perhaps assigning added
emphasis to certain words, or red:ﬁcing certain syllables one time whereas

he (or someone else) may not do quite the same thing the next time he spoke
the same text. | ?

If the talkers did in fact approximate to, but nov always exactly

" attain to,a standard linguistic stress pattern, and if the listeners used

their own internal notions of stress aud the acoustic data to assign gtress
levels, but were not perfectly congistent in setting the boundaries between
the categories of gtressed, unstressed, and reduced, we might expect all
the general consistencies and minor inconsistencies that have been found
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in perceptions of various listeners from repetition to repetition, talker “
to talker, end ‘text to text, We might expect somewha.t more agreement about:
stress in read speech than in spontaneous utterances if the listener's

g priori way of aseigning stress agreed more with the unmarked pattem
expected in reading texts than with the poseible special emphasis, reduc-
tions, pausing and restarting and other variations that are introduced by
spontaneous speech. If the listener were making stress judgl'nente entirely
on the basis of acoustic data, and had no added difficulty in malking
acoustic distinctions for spontaneous speech, we would expect his judgments
. for spontaneous and read speech to be equally consistent. ’

Further stress studies are needed to answer many‘questioneabout how
listeners perceive stress, how their own jnternal models interact with the
ascoustic data, whether there 1s & consistent normative or unmarked stress ¢
pattern used by both talkers and listeners, how spontaneous speech might
differ from read speech in spoken and perceived stress patterns, etc. i

. | | ,

Included in the present studies were experiments on stress judgments
given only the written text, which were to be compared with the same
person's stress perceptions using the speech recordings. These NO SPEECH
judgments have been included in the gummaries of Figures 3 to 6 with no
previous attempt to contrast them with the results with speech. Here we
specifically explore the differences and similarities that result.

The iistener—to-listener confusions in stress levels, as shown in
‘Figure 3 (and in Figure 4), show no marked differences between mumbers of
confused perceptions with speeeh recordings to numbers of confused
judgments without speech. We might have expected that if the listener's
own stress theory (or his own way of assligning ‘strese to the text if he
were to read it) were playinglﬁ* ective, dominant role in stress assign-
ment from the written text alone, and if his theory played much less of a
role in listening to the speech recordings, apd if the internal theories
of the listeners differed much, then the ustene;-to-listener confusions
without gpeech should be substantially more than those with the equalizing

47

36

-




Report No. PX 10146 UNIVAC

effect of the acoustic data. But, in fact, there is no significant difference
between the percentages of 1istener-to-1istener confusions with versus: yithout -
speech. Thus, either the listeners are each assigning gubstantially the same

stress patterns whether the speech is present or not (and thus some internal
theory is playing a dominant role under both conditions) or else they all
very in similar manners in how they change no-speech judgments to perceptions
with speech. ' \ ' - -

Supposé one could show that stress Judgments exhibit many more confusions
from repetition to repetition when only the written text is given, when
compared to the perception cenfusions from'repetition to repetition with N
gpeech. Then he could argue that the present stress perception experiments "
using speech recordings are more useful than just: having native English
subjects predict étress patterns from the written text. " He could also argue
that this is evidence that the: dcoustic data were critical in obtaining
reliable stress assignments. ' Surprisingly, this did mot turn out to be true
in [the present experiments. Figures 5 and 6 show that, with the possible '
expeption of the results for the GARPA Sentences, the number of repetition-
tg-repetition confuslons without speech is not significé.ﬁtly larger than the

ber of confusions with the speech.

A related issue is whether the stress judgments without speech agree
substantially with the perceptions with spéech. That is, can one accurately
predict the listener' 8 perceptions with speech from his judgments uj.__t_bggi
gpeech (or vice versa)? While judgments without speech may be onsistent
from ‘time to time, and while nmﬂnbersﬁcf listener-to-listenér confusions
'ma.y be comparable with or without speech, the sylla.ble—by—ayllable judgments
without speech may or may not correspond with those with speech. Figure 7
'{1lustrates the results of comparing the majori'ty' decisions (for three
‘trials) of each 1igtener with speech to his mejority decislons without
speech. Plotted are the percentages of all syllables in the texts that are
assigned different stress levels with speech from those assigned without

speech, for each listener.
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Tt 1s evident from comparing the results of Figures 7 and 5 that, for

the Rainbow Script, com?arat;i\e percentages of confusions occur for repetition-

to-repetition comparisons (Figure 5) and speech-to-no speech comparisons (Figure

7). That 1s, ‘the NO-SPEECH stregs judgments do as good a job of predicting

gtress pe_rc‘eptiona with speéch a;\oﬁe repetition with speech would do in

pfedicting the results of another rapetition with gpeech, for the-RAinbow

Script. For 'livstener MPM, ‘the majority NO SPEECH judgments for most texts are

more like the majority judgments with eech than one repetition with speech

is like the next repetitibn with speech.\ On the other hand, listeners WAL

and TES usually show more confusions between SPEECH and NO SPEECH than between

repetitions with speech, particularly for t Monosyllabic Script and the ARPA

Sent_enceé. (The probable reason these listenars did not show more SPEECH vs

~ No. SPEECH confusions for the Rainbow Script is ‘that for that text,’ the NO-

SPEECH judgments were done after the listeners. d done three tests with the
speech, and discussed the results, 80 their NO-SPEECH judgments could have
been biased by previous experiencé"with the speéch. For the Monosyllabic
Sceript, ‘the NO-SPEECH judgments were obtained before any test with the speech.
For the ARPA Sentences, some N_O-SPEECH tests were performed before ,: and some
after, the tests with speech. " Data analyses for those texts were done after

‘a1l experiments had been performed.)

The vast difference in SPEECH vs NO SFPEECH confusions for the Monosyllabic
Seript might suggest that ligteners vary in their relative success of assigning
lexical versus structure-dictated aspects of stress. IListener MFM ghows very

1ittle (2% or 3%) confusions for the Monosyllebic Script, perhaps indicating

_ that he can assign gentence stress véry congistently. His higher rates of

confusion (6% to 18%) with other texts (notably, the 6ARPA Sentences) suggest
that he has more difficulty when lexical stress factors of polysyllabic words
also are involved. IListener TES, _on"the othér hand, is quite inconsistent in
assigning stress to the Monosgyllabic Script, perheps suggesting more difficulty

. with sentence structure aspects of stress assignment. An equally revealing

and perhaps more plausible explanation ialthg.t the Monosyllabic Script has a
higher percentage of gtressed syllables than the other texts. We have already
geen that MFM has considerably fewer stressed-unstressed confusions than
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unstressed-reduced, while TES confuses considerably more stressed and
unstressed syllables. ‘ "

The relatively high confusion rates shown in Figure 7 for the 6ARPA
Sentences (and in Figure 5 for NO SPEECH confusions from repetition-to-
repetition) suggest that we cannot rely on stress judgments using only
the written text to give the best predictions of perceived stress levels

for spontaneous utterg eg guitable for mgn-mac Lxge interg,ctions., Thus,
while stress judgments without speech recordings may do a surprisingly
good job of predicting perceived stress patterns for normal»speech read
from texts, they are not the best form of stress judgments for spontaneous
» speech. Stress location algorithms to be used in speech understanding

systems should be judged by siress perceptions obtained from speech
recordings, not from judgments about orthographic transcriptions.

4.6 FEffects of Sentence Type on Stress Judgments

In compiling the confusions for the various texts, it was evident not
only that confusions were more common in the 6ARFA Sentences, but that
questions ‘seemed to exhibit more confusions than declaratives or commands.
In Figure 8, the thirteen ARPA sentences are separately listed, along with
symbols that indicate the basic category to which that sentence structure
belongs (yes-no question, Y¥/N?; question with interrogative (WH) word, WH?;
command, C; polite command, PC; and declarative, D). Plotted for each
sentence is the percent of all syllable stress level comparisons that
differed from repetition-to-repetition, for the three trials with speech
(Figure 8a) or without speech (Figure 8b), or the percent of all syllables
that differed between the majority vote with speech and the maj ority vote |
without speech (Figure 8c). Results were pooled for all 1isteners, by. . L
first finding the plot for each individual listener, then a.vera.ging the
values for all tbree 1listeners for each sentence.

* Serera.l points may be made from these results. Firat, percentages of
confusions tend to be higher for the 6ARPA Sentences than for the 7ARPA
Sentences in Figure 8b and c, presumably because the NO SPEECH judgments

ol
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for the 6ARPA Sentences were obtained before the listeners heard the speech,
while, for the 7ARPA Sentences, some NO SPEECH judgments were made after the
perceptions with the speech had been obtained. The WITH SPEECH perceptions
seemed to have been remembered, to he;!.p.stabiiize stress decisions in later
trials. i R -

| - Of more importance here are the high confusion percentages that occur
in Figure 8a, 8b, and 8c for Yes-No questions 3, 5, and 8, and for WH
question 7 in &c. In general, qusstions (especially yes-no questions) seem
to exhibit more confusions than declaratives and most commands.

. Another way in which stress perceptions are significantly ini‘lﬁen ad
by the sentence type is in terms of how much the different listeners varigd
from each other in their consistency of stress assignmént for each sentence.
Listeners differed by 40% in the percentage of confusions which they exhibited
from NO SPEECH to SPEECH for questions 7 and 8, 22% for yes-no question 3, and
204 for yes-no question 1, but less than an average of 13% for all of the

other ARPA sentences. Similarly, in repetition—to-repetition confusions

without speech, the greatest variations in rate of confusions occurred for
yes-no questions 3 and 8, and WH questions 1 and 7 (as much as 30% compared

“to an average of 11% for the other ARPA Sentences).

From these preliminary results, it appears that stress assignment is more
difficult in questions than in other seﬂtence structures. Further, more ‘
controlled tests with various sentence types would be needed to confirm these
apparent trends obtained from only 13 sentences. These tests will be under-
taken using the extensive gset of sentences presently being designed for isolating
various factors affecting prosodic patterns (cf. lea, lhdress , and Skinner,
1972a, pp. 56-7).

G

4.7 General Conclugiong About Stress Perceptiong
" The above extensive analyses of stress assignments by three listeners

have yielded the following general conclusions:

03 "

-
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Different‘lis‘teners assign different stress levels to the same
gyllables, presumably based on how they individually define the
boundaries between categories of stressed, unstressed, and
reduced syllables. Their confusions are not geriously increased
or decreased in going from individual talker to talker, or from
text to text (except when questions are introduced; see point 8
below .

listeners WAL and MFM, who have been shown by previous experi-
ments to yiéld gtress pefceptions‘very much like those of other .
li.stenefs, differed in as much as 25 to 30% of their majorlty
decisions about stress levels (compiled from three trials).
However, only about 5% of all syllables were confused between
the categories gtregsed and ungtresgsed. Thus, judgments of which
syllables were .s_tresg' ed agreed very well between listener

WAL and listener MFM.

Listener TES differed from the other two listeners on about half

of his stress declsions. About 20 to 25% of all syllables were
labelled gtressed by other 1isteners, but ungtresged by TES. He
actually even labelled as reduced some syllables labelled gtressed .
by the other listemers. Also, 1igtener TES labelled substantial
percentages (as much as 15%) of all syllables as gtge“eg on one
trial and ungtressed on another. Future studies should incor-
porate a procedure for rejecting such listeners who provide"
inconsistent judgments about stressed syllables.

From repetition to rgpetition of the perception tests, listeners
VAL and MFM individuelly showed quite stable judgments as to which
syllables were ptregsed. An average of 5% of all syllables were
confused between gtreggea on one trial and ungtregged on another
trial. They thus provide a reasonably stable "gtandard" as to
which syllables are stressed, for comparison with algorithm results.
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5.

Majority votes obtained fyom 3 or more trials should be useq’to
partially obliterate the 5% deviations in assignment of stressed
syllables from trial to trial. No gstressed syllable location
algorithm need find more than 95% of 2ll syllables perceived as
stressed, since it can hardly be more "accurate" than one
perception trial is in predicting the perceptions to be attained
on another trial.

Since listeners agreed in many of the differences they assigned
to the stress patterns of different talkers reading the same text,
the acoustic data appears to play at least some role in stress
perceptions. However, gince listener-to-listener confusions and
most repetition—to-repetition ronfusions were not significantly
increased when on;y-the written *.xt was used, it appears that the

‘listeners also make use of a reasonably stable internal theory for

stress assignment. - -

When listeners héd not done the perception tests with speech before
they did the stress assignments from the written text alone (as

with the Monosyllabic Script and the ARPA Sentences), their majority
judgments without speech differed more irom their majority percep-
tions with spssch than the repetition-to—repetition with speech (or
without speech) had differed. Thus, while stress judgments without -
speech are as consistent from listener-to-listener and from repeti-
tion-to-repetition as are perceptions with speech, the judgments
made without speech are significantly different from those made with

speech. In particular, perceived stress patterns for spontaneous

utterances are not reliably obtained from judgments based only on
the written text.

Questions (especially yes-no questions) appear to yleld’more confusions
in stress levels (from repetition-to-repetition) than other semtence
structures (declaratives or commands), and show greater variability

from listener-to-listener.
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In summary, the stress perceptions obté.ined from the trials with spesech,
by using majority decisions for each listener, and pooling results for the
1isteners by the sum (~3 to +3) plots as shown in Figure 1, provide a
ngtandard" of stress assignment which 1s stable to within sbout 5%. This
thus permits' comparisons (to within 5%) between perceived stressed syllables
and stressed ayllables located by algorithm from the acoustic data.

A
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5.1 Correlates of Stress in.-Fo Contours

- perception of "prominent" syllables. Having obtained extensive data on

gyllables (Bolinger, 1958; Fry, 1953;‘& Lieberman, 1960; Morton and Jassem, 1965;

5. .STRESSED SYLLABLE LOCATION FROM ACOUSTIC DATA

Stress is an abstract quantity usually considered to be associated with
a speaker's total physical effort in speech production or with a listener's

listeners' pet;ceptions of stressed, unstressed, and reduced eyllables
(section L), we “shatl now coneider how. the perceptions relate to acoustic
data. ‘

Extensive work has been done on acoustic correlates of stress (cf. revievs -
by lehiste, 1970, and Medress and Skimner, 1972), and on physiological correlates . ..
of stressed syllable production (cf. review by Lieberman, 1967). Many studies
have taken advantage of the ability to separately control acoustic features of

synthesized spesch, to test how acoustic variations, correlate with listeners'
perceptions of stress. (Fry, 1955, 1958; Bolinger ’ 1958 Morton and. Jassem, 1965;
Mattingly, 1966; etc. ) Most experimental studies have been concerned with
stress in isolated words, short phrases, or short- isolated sentences.

For reasons detailed previously (Lea, Medress, and Skimner, 1972s), the
gtress perception studiee reported in section 4, and the studies of acoustic
data reported in this section, are concerned with stress patterns in semanti-
cally—cor_.ected texte and computer instructions or queries, spoken by several
different native Englieh speakers. Acoustic correlates of stress that will be
incorporated into the stressed sylla.ble location algorithm are (1) fundamental
frequency (F ) variations (particularly local increases in fundamental frequency)
and (2) the energy integral within the syllable '(incorporating both amplitude
and duration measures into one measurement)

While many studies have shownths.t higher Fo is associated with stressed

Lehiste, 1970; Lea, 1972b), others have shown that even better correspondence
is to be found between local increases (or, occasionally, decreases) in .Fo and

87 N
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gtress then 1s provided by the absolute peak (or mean) values of Fo within

: .Ama.yha.veuaﬁhigher.peak-gn*mean,Eé,.iahama..anmeuhatqmgtmmmm,,E.ea-,kA.,,, B

,about 10% within the closure period of voiced obstruents, suddenly rises

. ceases after élosure) and then, when volcing resumes, Fo wlll start quite high

II" contours (which mark "incompletion"). Figure 9 illustrates the general
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stressed vowels or syllables (Bolinger, 1958; Medress and Skinner, 1971;
Morton and Jassem, 1965). Some studies suggest that it is the presence of
suph Fo changes thatnnrksetress, not the specific magnitude of the change
(Fry, 1958; Morton and Jassem, 1965) .

Effects of ﬁhonetic sequences may interfere with these stress effecté
on Fo contours. Vowels articulated with higher tongue position have Fo
values that are about 10 to 15% higher than those with low tongue position
(House and Fairbanks, 1952; Lehiste, 1970; Lea, 1972b, 1973a). This is one
reason why abaoiute values of Fo nmay fail to mark stress; an unstressed./i/-

or mean Fo in s vowel is higher when the preceding consonant 1s unvoliced
than if it is voiced or if no consonant precedes the vowel (House and
Fairbanks, 1952; Lea, 1972b). More important with respect to the F_ changes
agsociated with stress are the sudden‘Fb changes that occur around consonants
(cf. lea, 1972b, Chapters 4 and 5). Fundamental frequency suddenly drops

again at opening of the closure, and continues to rise (about 15% or more )
during the 100 ms after the following vowel onset. For mavoiced conscnants,
F_ will ceage (sometimes after the 10% dip at closure, gince voicing frequently

and rapidly rfali. These dips and sudden cusps in Fo contours must somehow be
distinguished from stress-dictated Fo changes.“

Another influence on Folcontours mst belconsidered in estaﬁiishing-
acoustic correlates of stress. Intonation studies (grmstrong and Ward, 1926;
Lieberman, 1967; Lea, 1972b) have shown‘that,.in_connecteq'texte and spoken
sentences, Fo will usually reach a maximzm near the first stressed syllable
(the sc-called’"HEAD") of each breath group or clause, and will fall gradually
until the last stressed syllable, after which may occur eithsr the rapid fall
of an utterance-final "Tune I" contour or the rise in F at the end of "Tune

shapes of these basic 1ntonation contours. Obviously, the last stressed

08
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Figure 9. Tune I and Tune II Intonation Contours
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syllable of Tune I contours w1ll not consistently exhibit the F rises generally
assumed to accompany stressed syllables. Also, unstressed syllables in the
terminal rise of a Tune II contour will be accompanied by Fo rises that do not
mark stress. On the other hand, these studies suggest that the peak FB of the
contour will be associated“with a stressed syllable.

The assumption of this constituent boundary detector i1s that sentences

' .consisting of several mejor grammatical constituents will be broken into several

Tune I- or Tune II-like subcontours, riding on the general tune for a gsentence’ or
clause. Thus, as illustrated in Figure 10, F contours in sentences with
several major constituents will have major F changes associated with the con-
stituent structure. -We might call these- rapidly rising and-graduslly falling

F contours as "archetype constituent contours". They resemble Lieberman's
(1067) unmarked and marked breath groups, and Pike's (1945) primary contours

plus precontours, and other contours assoeiated with "sense groups" in the -

"literature.

We shall build a general hypothesis about Fb correlates of stress based
on archetype contours within constituents. It appears the rising F near the
beginning of a constlituent is attributable to the first stressed evﬂlable in
the constituent (Lea, Medress, and Skinner, 1972h). An algorithm for stressed
syllable location should thus search in the region of the peak Fo in the
conatituent, and the rising F region proceding the peak. In fact, it appears
that the F rise that marks the beginning of the fconstituent" found by the
boundary detector js associated with this following stressed syllable. In a
sense, then, the constituent boundary detector may be said to be detecting
gome stressed syllables (but not locating them) If each constituent had
exactly one lexical word with a major-stressed syllable within it (as has been
suggested for deep structures; cf. Chomsky, 1965; Emonds; 1970), we might
expect the present method of sonstituent detections to be closely assoclated
with the presence of stressed syllables.

In fact, however, surface structure constituents (both as predicted

syntactically and as founa by the boundary detector) sometimes contain more

60
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than one stressed.syllable (as in the constituent 1ggg_magx;pggggigﬁ;_gglg;g
in the Rainbow Script). Based on previous studies showing higher F_ and
rising.Fo to be associated with stressed syllables, we might expect that the
extra stressed syllables in the conatituent will be accompanied by local
increases in Fo, above the genergl archetype pattern. Since these additional
stressed syllables are assumed to follow the first stressed syllable associated
with the peak F_, any iucreeses in ¥ assoclated with them will be manifested
by bumps (temporary increases in Fo) above the archetype falling F contours,.

- as shown in Figure 11.

This general strategy regarding Fo correlates of stress will not detect
all stressed syllables in all of speech. When specisl emphasis, gspecific
"marked" semantichattitudes (such as unbelief, distrust, etc.), or other non-
normative non-neutral expression forms are intended by the speaker, he may
show sudden decreages in Fo on stressed syllables (cf. Pike, 1945; Bolinger,
1958; Lea, Medress, and Skinner, 1972a, pp. 35-6). Also, some constituent
structures do not always show highest Fo on the first stressed syllable in a
constituent, but rather on some later gtressed syllables. This will introduce
cases where a stressed éyllable is pot located by an algorithm based on the
archetype contours. :

5,2 Energy-Integral Cueg to Stresg
Early studies of &cousiic correlates of stress showed that vowel durations

were longer, and vowel intensities were higher in stressed syllables (Fry, 1955;
1958; Lieberman, 1960). Indesd, the earliest works (Saussure, 1915; Jones,
1932) equated high intensity and stressedness. However, later studies showed
that Fo was usually the best of the three individual correlates (Fry; 1958;
Iieberman, 1960; Bolinger, 1958). Then, Lieberman (1960) showed that the energy
values integrated over the vowel or the total syllabic duration gave the bagt
cue to stressed gyllables. Medress and Skinner (1971) found that the energy
integral (over the vowel) was the strongest cue to stress, most successfully
determining the stressed vowel in miltisyllabic words, both in isolation and

in short sentences.
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ARCHETYPE Fy CONTOUR
FOR A CONSTITUENT

STRESSED HEAD
'OF CONSTITUENT,
NEAR PEAK Fg

OTHER STRESSED SYLLABLES
NEAR F, DEVIATIONS ABOVE
THE A&CHETYPE CONTOUR

Figure 11. Increases in Fg, Above the Akchetype Contour for a Constituent,
Are Assumed to be Associated with Stressed Syilables.
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The -energy integfad., which incorporates both durations of integration
ond intensitities at each point within that period, is affected by phonetic
‘content of the words, and by the positions within intonation contours:of
total gtructures. Vowels articulated with low ‘tongue positions, such as
/=, a/ are more intense (by as much as 6 db) and longer (by as much as
25%) than those with high tongue positions, such as /i,' u/ (House and
Fairbanks, 1952; lehiste, 1970). Tense vowels are slgo longer than lax
vowels. (Delattre, 1962). Vowels are longer when followed by voiced
congonants than when followed by unvoiced conaonanté. _ Vowels in unvoiced
congonantal environmentq tend to bg less intense (House and Fa.irbanks.,_
1952). The manner of articulation of following consonants can alsc affect
the durations of vowels. Finally, word- or phrase-initial vowels tend to
be more intense than word-final, phrase-final or utterande-final ones,
while phrase-final syllables tend to.be longer in duration than medial or
initial syllables (Lehiste, 1370; Mattingly, 1966). The phrase-final (or
so—called "prepausal") lengthening of syllsbles appears to be different
for stressed and unstressed syllables (011er, 1971).

Morton and Jassem (1965) showed that about 6 db or more is needed
between the intensity levels of ayllableé to successfully mark stress.
s Intensity variations of 3 db or less are insignificant perceptually.
“, Syllabic muclei (vowels and prevocalic or postvocalic non-vowel consonants )
B 4 are at least 6 Gb more intense than intersyliabic consonants. 'l‘hus-,
T syllabic segmentation of speech would preémnably involve 6 db _variatibns
= / in intensity.

Based on these various studies of duration and inte’néity, and their
relé.tionships to stress, a general strategy of stressed syllable location
from energy integrals can be outlined. Within the constituents detected
by the boundary detector, and near the positions oi: peak F_ and local
increases in Fo above the archetype contour, a search should be made for
periods of high intensity, ylelding large energy integrals, bounded by
dips in energy presumed to mark syllabic boundaries. These dips should
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be on the order of 6 db. Given geveral high energy regions in the vicinity
of an F increase, one should selact one with highest energy integral and
non-falling or rising F_. A

It is concelvéble that a mumber of detailed refinements to this general
strategy. could maximize the accuracy of atreased syllable location. Among
auch refinements could be adjustments to a.ccount for intrinsic F intensity,
and duration of verious vowels, to account for effects of aurrou.nding conso-
nants, and to account for positiona within total structures and intonation
contours, °

5.3 An Algorithm for Stregsed Syllable Location =
As shown on the example computer listing in Figure 12, the constituent

boundary detection program provides markers ("SINTB") for the positions of- all
detected syntactic boundaries, plus markers ("MAXFO") at the (first) poaition
(t:Lme ITMAX) of maximm F_ in each constituent. These are used as starting
data for the stressed ay]la.ble location algorithm. The algorithm for stressed
syllable location, which is detailed in Figure C-1 of Appendix C, proceeds by
first locating the HEAD stressed syllable in the constituent, then finding
any other stressed syllables between the HEAD and the end ‘of the constituent.
Presently, no details are included to normalize for vowel identity, phonetic
context, or position within the total intonation contour (such as utterance~
final to Mz;tion positions, etc.; cf. lea, bhdreea, and Skinner, 1972a,

p. 37). In this section we shall sketch some of the main points and detailed
decisions involved in the stressed syllable location algorithm. A flow chart
is given in Figure C-1 of Appendix C.

T__gm}_t,_hg_tm_li_qu_qgnﬂim the algorit i begins with the position
ITMAX of maximum F in the conatituent. If contiguous points after ITMAX
maintain that same maximlm F, (forming a plateau), the center point of such
constant-F_ po:l.nt}\is ca.lled the "Time of Peak" (TOP). (See Figure 12,where
the three segments i‘ollowing MAXFO maintain the same F_ value. ) If, however,
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,F falls after ITMAI, and the utterance was unvoiced for two or more time
segments immediately before ITMAX, then a check is made on F values just
before the unvoicing began. If F before the unvoicing was within a
threshold percentage (presently THMAI = 20%) of F_ at ITMAX, and if F had
been non-falling or rising in the five time segments before unvoicing, then
get TOP equal to the time of the last volced segment just before unvoicing.

The Time of Peak (TOP) gives a reasonable starting point from which to

+ gearch for the first stressed syllablo. The Itest for previous unvolcing is
to a.lloyv‘for the fact that Fo may be higher immediately after voicing onset
after an unvoiced consonant than it is in the -previous syllable, even:
though the previous syllable may be the more stressed of the two syllables.
This refinement is also needed to provide a more reasonsble starting point
for the a.rchetype falling contour to be assigned following the HEAD of the
constituent. Proper setting of TOP can significa.nt.ly affect the slope of
the archetype following contour.

The next step is to search for the likely location of the stressed !
syllable near TOP which will form the HEAD of the constituent. Within some
length of time BACKT (presently four hundred milliseconds) before TOP and
gome threshold time FORWT (now three hundred uﬂ.]lisaconds) after TOP, a
search is made for =1 dips in energy of & threshold amount EDIP (now set
at 5 db va.riations for the broadband energy function defined by lea, Medress,
and Skinner, 19'723., p. 23). (The most efficient means for finding these and
other energy dips used in stressed syllable location is to precede the
stressed location program by a little program that finds and marks all peaks
and dips in the energy contour, just as the boundary detector provides for
F.)

If only two dips occur within the time interval defined by BACKT and
FORWT, then the high energy portion bracketed by those dips will form the
time temporarily assumed to be associated with the HEAD of the constituent.
(With the present velues of BACKT and FORWT this is highly unlikeljr, and the
700 ms will need to be divided into two or more syllables by other procedures
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described below.) If more than two ps occur within the bracketed time of
BACKT and FORWT (as is the case in the example of Figure 12), tests must be
made for which high energy portion between dips is to be called the stressed

HEAD.

First the energy integral ENERGY 1s defined for each portion between
dips in the bracketed +time reglon (portions before ths firsh dip but after
the beginning of BACKT, and after the last dip but before the end of FORWT
are neglected in this comparison of energy integrals). (This energy integral
specification might be most efficlently determined by the preliminary program
that finds energy peaks and dips.) The energy integrals are presently found
by simply summing “the energy values of all time ~segments between the dips:
Where appropriate; the relative gizes of these energy infegrals may be used

to select the portions which are the stressed syllables.

The present algorithm assumes a‘ preeminence of Fo as a stress cue, 80,

before considering energy integrals, an Fo test is mede. Of the several

high energy portious'within the bracketed time, find all those which exhibit

an overall rise in Fo during the time that the emnergy doq‘is not dip below its
maximum by more than 3 db. That 1s, F  at the first poiﬁt where energy 1s
within 3 db of maximm (such as time segment 1abelled 150 in Figure 12) must
be less than F_ at the last point (such as time gegment 280 in Figure 12)
before energy drops 3 db below the maximum. 1f more than two such portions
have rising Fo, choose the first one unless the first one is only five or
less time segments in length or unless the energy integral of (any of) the
gecond or later one(s) is (are) markedly (presently 40% or more) greater
than that-for the first one. If xio portions show rising Fo’ then choose the

highest in energy integral.

If the high energy HEAD so selected is very long (with 300 ms or more
between its preceding energy dip and its following dip); then a test will be
made for more than one stressed syllable witﬁin it. Sometimes two or more
syllables without intervocalic obstruents will show no significant (5 ab)
energy dips, and would appear to form a single "stressed syllable". If

68
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there is a small dip of at least 2 db lasting for two on/nore time segments,
breaking the apparent HEAD into two high energy portiond each of at least
100 ms in duration, and if F in the later portion is abbve the archetype F
contour to be defined below, thls second portion will be |labelled as another
stressed syllable, distinct from the HEAD. '

5.3.2 Finding Other Stresged Syllsbles in g Congtituent
Having found a stressed syllable corresponding to thelHEAD for each

constituent, the stressed syllable location algorithm next searches for other
stressed syllables within each constituent. First, the TTAIL (time of the

)

TAIL) of the F contour is defined as the center of the last plateau or ST

bottom of the last small (2% or greater) valley of F_ within the constituent
(such as time segment 850 in Figure 12), not including the plateau or valley
bottom that the boundary, position is set within. Next, a linear archetype
plot on the eighth-tone (logarithmic) F gcale is drawn.from the eighth-tone
value at the TOP- to the eighth-tone value at the TAIL.

Then a search 1s msue for all instances, after the energy dip marking
the end of the HEAD and before the TTAIL, where the eighth-tone value of F_
for five or more consecutive segments is greater than that defined by the
archetype line. (When the HEAD is longer than 300 ms so that two or more
stressed syllables might be included in the HEAD, the test for increases in
F above the archetype begins at 100 msec before the end of the HEAD, or at
the small 2 db energy dip defining a possible syllable boundary, whichever
is first.) If F in eighth tones is above “he archetype line for the
minimum duration (presently set at five time segments) and if F is rising
during that time, or flat, then the high energy portion (more ths.n 60 ms
in duration), bounded by 5 db dips which is associated with this F  rise is
called another stressed syllable in the constituent. To determine which
high energy portion is assoclated with this non-falling Fo gtretch above
the archetype line (that is, to establish the bounds of this other stressed
sylleble), a search for nearby high'energy portions is made. If no energy
dips occur in the time that F is non-falling, then the stressed syllable
extends to the immsdiately preceding and following 5 db dips (such as at
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time segments 410 end 660 in Figure 12). If dips do occur during the non-
falling portion of the Fo contour above the archetype line, the same tactics
for selection apply as with HEADS; nemely, the first gtretch with rising F
and high energy is chosen unless 1t is too short (less then 60 ms) or lower
in energy integral by 40% or more than a following high energy portion whose
F_ 1s still above the archetype.

One case is also allowed where a falling ¥, which is still sbove the
archetype line can be declared a stressed syllable. If, for six or hore

' time segments, Fy is above the archetype line but falling, a search for 5 db

energy dips in that area is underteken. Between two dips, determine the

total portion that is within 3 db of the maximum iﬁtensiﬁy. If Fo does not
fall more than an average of two eighth-tones per five time gsegments within
this high ensrgy portion, then that portion is also declared a stressed
gyllable. This allows stressed syllableS‘whefelFo pad been falling rapidly,
but was locally incresased ‘above the archetype t¢ be a much more gradual fall.
Thus, the increase in Fo? ;bove what might havq?been, reaelly marks the presence:
of a stressed syllable, even if the Fo is not ;ising absolutely.

5,4 Comparigon of Algorithmic Locations Witg/Perceived Stress Patterns

The stressed syllable location algoritbﬁ hgg not been implemented‘as a
computer program. However, it has been followed strictly in a hand analygis
of acoustic cues to stress patterns for theé speech texts listed in gsection 2.
The results of such algorithmic locations/of stressed syllables were compared
with the perceptions of stress. The complete sets of algorithmic results are
shown in Figures C2 to C11 in Appendikfé. Those figures show the texts as
spoken by the various talkers, with a box around each syllable that was
perceived as stressed by two or more %isteners (that is, that had a stress
gcore of +2 or +3; see gection 4.2). | Also gshown 1n the figures are lines
anderscoring all those portions of the texts that were found within the high
dhergy portions declared as ngtressed syllables" by the algorithm.

Thus, for example, Figure C3 shows that the syllables gun-, gtrikes,
rain-, air, act, pris-, form and rain- wers percelved as stressed in the
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firet sentepce of the Rainbow Script as read by talker GWH. However, the
algorithm found when, sualight, strikes, raln-, lu the air, gct, prie~,
and ralp as included in the high energy portions declared to be Mstressed
syllables“. Thus, it gave a "false" detection of yhen as stressed, missed
the stressed syllsble form, and included within some "gtressed syllables"
portions which were unstressed. Bxtended voiced sequences, and especlally
gonorant sequences, mey have no‘significant energy dips, so that sequences
such as in the air, -orizon, boiling, when & man looks, the end, etc. may
be included in "stressed syllables". As long as a stressed syllable is
included within each such stretch, we may consider that no false alarm has
occurred, and that that stressed syllable has beeﬁ correctly located.
However, if pggﬂstressed syllables were included within the single stretch,
we would consider one correct location (and one miss). '

- Stretches thch the algorithm declares gtressed but which did nbt include
any syllable with a stress score of +2 or +3 are considered "false" stress
detections (e.g., when in Figure C-3). One major source of such false
alarms is a false boundary detectibn (e.g., as in the middie of the word
contain in ARPA Sentence 3 shown in Figure C-10). -When false boundaries are
assigned, they demend that a stressed HEAD be found in each of the surrounding
constituents (so that, e.g., con— must be a stressed HEAD since it is a
constituent). Some located portions also occui where listeners WAL and MFM
perceived a syllable as atressed, but since listener TES perceived it as
reduced, it was assigned a gstress 8core of +1. With a more consistent set
of “listeners, these may be perceived as gtressed and the location would be
correct.

The stress scores marked on the false locations and missing locations
in Figures C-2 to C=1l show that many false alerms were on syllables withl
gtress score +1 (perceived as stressed by at least one listener), while
most misses were on syllables of score +2, where not all listeners agreed
the syllable was stressed.
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ts from the
hand analysis with the algorithm. Shown for each text and/talker are the
numbers of syllables perceived as stressed, the numbere 6f those found by

the algorithm, anc the consgequent percentages of all stressed syllables
rs of false loca—

that were correctly detected. Also shown are the nuft
tions in each run, and the percentages of all loca/ions by the algorithm
that were false (that is, did not include syllaeles perceived as stressed).

While scores varied some from text to teﬁt and talker to talker, the
overall acores of 78% to 98% (average, 85%) eoffect location of stressed
syllables are very encouraging. The Monosyllabic Script, with its prominent
stresses on monosyllablc words, yielded/guite high scores. The gspontaneous
ARPA sentences, which were more monotone and which gave some difficulties
to the boundary detection algorithm, ShOwuu the lowest stressed syllable

location scores.

Some of the false alarms will be ellmanated by improvements in the boundary
detector. Some other "false' locatlions are not necessarily bad, since one '
or two listeners did perceive those syllables as stressed. A few of the .
false alarms may be eliminated by not demanding stressed HEADS in short
constituents (such as those less than 200 ms in duration). Further studies
are needed to reduce false alarm rates and gimultaneously maintain or improve
. the scores for correct locations. Ultimately, the design of a better algorithm
for stressed syllable location mst be based on a strategic decision as to
whether it is better to have some false alarms and correspondingly increase
the success in correct location or to have llttle or no false alarms but at
the sacrifice of lower scores in correct location. This will substantially
depend upon the specific uge of stressed syllable information in other
aspects of the speech understanding system. For guiding distinctive features
estimation procedures, all that might come from having a few false' locations
ig that distinctive features analysis may occasionally be applied (perhaps
wastefully or with some difficulty) in the somewhat—less—reliablyuencoded
-unstressed syllables.
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It would be of interest to compare the substantial success in stressed
gyllable 1oca.tioh_ which was attained with the present algorithm with results
that m:l_ght be attained with other algorithms, such as simpler ones that
mex:ely look for all Fo peaks, or for all high ‘intensity portions or\ high
energy integral portions of the speech. These and other further studies in
stressed syllable location and constituent boundary detection will be' out-
lined in section 6. |
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- 6. CONCLUSIONS AND FURTHER WORK

In this report, methods have been described for segmenting speech into
grammatical phrases and identifying stressed syllables in continuous speech.
The prdgram'for deteéting syntactic boundaries from fall-rise patterns in-
voice fundamental fréquency contours has been shown, both by the present
study and by previous studies, to succeed in finding over 80% of all

. syntactically predicted boundaries between major syntactic units. It also,
however, detects some syntactic boundaries not predicted by the intuitive
~ constituent structure analysis previously applied, and detects false
boundaries not apparently related to syntactic strusture, such as at

congonant-vowel boundaries.

The algorithm for stressed syllable location has succeeded in locating
around 85%'of all syllables perceived as stressed by the majority votes of
a panel of listeners. The procedure identifies stressed syllables with

! high energy-integral portions of the speech which exhibit rising or non-
falling Fb,‘but it does so in a way which makes use of constituent
boundaries and archetype Fb contours. Simpler proc¢edures might conceivabiy
work as well, and there is obviously room for improvement in the present
location scores.

Besides such algorithmic results, the other major aspect of research
reported herein has been concerned with the perceptions of stress levels
by three llsteners. Two listeners were found to agree in their percelved
stress levels for most of the individual syllables in the Rainbow Script
and Monosyllabic Script, and ARPA man-machine interaction sentences. They
differed on only about 5% of all syllables as to whether they were stressed
or not, and each of them showed only about 5% confusions in decisions about
stresged syllables from one trial to another. Ungtregged and reduéed levels
were much more frequently confused. A third listener differed from the
other two listeners on about half of his stress level judgments. About 20
to 25% of all syllables were labelled stregsed by the other listeners, but
unstressed by this third listener. This listener also labelled substantial
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percentages of all gyllables as atresged on one trisl and ynstressed on

another. Such listeners who are inconsistent in their own Judgments and

'who dlffer drematically from other listeners should be excluded in any

attempts to establish gtandards about which are the actual "stressed
11lables" in connected speech. T

8y. 8 connected speech. «S\\\

The listeners appear to be as consistent in their aséignmgnta of
gtress levels given only the written text as they are in their assignments
when listening to the speech recordingé. However, their judgments yithout
speech do not correspond well with their Judgments with speech if the
speech is spontaneous (that is, not produced by speakers reading written
texts). Listeners apparently differ most dramatically from each other,
and yleld more coh.fusions in stress levels from repetition to repetition,
1when yes-no questions are involved. | |

The majority stress percebtions from three trials by each listener,
when pooled so as to yield the sum plots as shown in Figure 2, _provide a
 wgtandard" for determining all gtressed syllzbles which 1s 7s£;blé 1'30 within
about 5%. This is suitable for evaluating an algorithm for locating
stressed syllables to within a 5% tolerance in overall locatlon scores.
Several forms of further work are needed. The program for constituent
boundary detectlon can be refined to produce fewer false alarme by requiring
each' new F_ maximm or minimm o remain beyond the 7% thresholds for at
least 20 ms. It would be desirable to remove or augment the strict dependence -
on a fixed (7%) threshold for F_ changes, end to incorporate an overall
confidence measure for each boundary, based on the percentage decrease in Fo
before the apparent boundary, the percentegs increase after the boundary,
‘the shape of the contour near the boundary, and the tims between that boundary
‘g.nd the innnedié.tely preceding or following ones. Thus, cusp~like changes at
. unvoiced consonants (of the form == \~ ) and very brief F_ dips or jumps (of
such forms as —\-—) ma.y'be assigned very low 1ikelihood of being boundaries,
while major gradual changes (of the form\/) would be assigned higher
confidence ratings. One or both of two boundaries separated by short times
- (in the order of 200 ms or less) might be considered suspect, and assigned a
e low confidence rating. '
| 76
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The boundary predictiong should be improved by defining and applying a
strict' set of rules for syntactic bracketing and prediction of intonation
contours. Intonation rules such as Bierwisch (1966) produced for German
are needed, along with the selection of an adequate grammar to define the
syntactic structure that would be part of the input to such intonation -
rules. Werking“ with Jane Robinson from the University of Michigan, we hope
to e.pply such rules to texts such as those used in;\the present studies:

The a.lgorithm for locating stressed sylla.bles must be. implemented as
& computer program and tested carefully to see that it performs at the level
of success attained in the previous hand analyses. Also, several improve-
ments are needed. Among those to be investigated are better procedures for
defining the TAIL of a constituent, a careful "tuning" of all the paremeters
and detailed steps for eelecting HEADS and other stressed syllables, use of
a low-frequency "sonorant" energy function rather than the present broadband
energy function (so that better syllabication might be attained), and the
incorporation of procedu.res for locating other possible stressed syllables
before the HEAD (or peak F position) vwhen the peak F occurs late in a
constituent (say more than 400 or 500 ms after the- preceding boundsry) .

Tt also seems reasonable to compe.re the results with the present stressed

syllable algorithm (either before or after it is implemented as a computer
i ~ program) with results in-stressed syllable location by other possible procedures.

For example, if one called all long-duration portions where energy was above a
threshold value as stressed syllables, how many of the perceived stressed ¢
syilables would be detected and how many false alarms ‘would result? Alternatively,
could one get comparable success by looking for all Fo rises or upward‘inflections
and choosing the high energy portion nearest such places, without use of
boundaries and archetype -contours in his procedures? ' |

More extensive experiments are needed wherein the various variables of
sentence type, talker, lexical forms, phonetic content, position in sentence
and intonation contour, and such could be independently controlled. Texts
for such studies are now being designed (cf. lLea, Medress, and Skinner, 1972a,
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pp. 56-57), and such studies will be conducted. In particular, such studies '
can test further the apparent difficulty in listeners' assignments of stress
‘within yes-no questions, and the relative successes in ‘boundary detection and:
stressed syllable location within questions versus ‘declaratives or commands.

The application of boundary detections and stressed syllable locations
to guiding & partial dlstinctive features analysis mst yet be done. Until
some detalls of the distinctive features snalysis are better defined, the
question camnot be resolved as to whether higher "hit" rates or lower "fa.lsé N
alarm" rates are more impoftént to attain in the boundary detection or
gtressed syllable location algorithm. Also, techniques must be explored for
applying boundary and stressed syllable information to the aid of syntactic
parsers. -Such efforts will be critical to implementing the proposed speech
recognition strategy at Univac. | ‘
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- APPENDIX A: CONSTITUENT BOUNDARY DETECTION RESULTS

The cohstituent boundary detection program marks boundaries between
' major syntactic units by locating the last time of minimm F, value, in

an ¥, tvalley" which is preceded by a 7% decrease in F, and followed by a
7% increase. A ggnerdl flow chart of the procedure was published in Lea's
thesis (Lea, 1972b, Pp. 206). A detailed flowchart (available upon request)
has been obtained by an automatic flow-charting routine at Sperry Univac,
for that version implemented at Univac and used for boundary detection on
the Monosyllabic Script and the ARPA Sentences.

i

Figures A-1, A-2, and A-3 show the detected boundaries for the
Rainbow Script (as spoken by six talkers), the Monosyllabic Script
(as spoken by two talkers), and the ARPA Sentences, respectively. Vertiéall
bars mark predicted constituent bougdaries that were detec%éd; predictéd {
boundaries that were not detected (that is, were "missing")/are”indicated M
by asterisks at the positions of the gyntactic breaks,,xBéahdaries between ;
~ minor syntactic constituents (that were detected,bﬂfknot predicted) are

shown by columns of dots, and false (syntgptically unrelated) boundaries @3
that were detected are shown by question merks. Sentence boundaries were ’
expected to be accompanied by both the vertical'bars marking F -ivalley
constituent boundaries and by pauses of 35'centiseéonds or more, to be

" marked by S's on the vertical bars. Wﬁen a sentence boundary s not
accompanied by a gufficient pause, but was detected as a constituent

boundary, it was marked by this symbol: §: . In the ARPA Sentences,
occasional extra hesitation pauses occur that are not associatéd with major
syntactic boundaries. These are marked in Figure A-3 by Sts with columns

of dots (not vertical bars) .

Table A-1 shows the boundary detection results for the 13 ARPA Sentences,
gseparated into éétggories for each type of sentence. WH-questions and
cormands show thermost missing, or undetected, boundaries, thus yiel?ing the
lowest constituent boundary detection scores. Three of the missing )
boundaries in the commands, and two of those missing in WH-questions, are
in compound noun constructions, which are\certainly among the most minor of
the predicted boundaries. Another missing boundary in a command is a
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1. (LSs21) Who's the owner of utterance eight?
o
) 2. (Lm13) Display the phonemic labels above the spectrogram,
» !___..|
3. (B27) Do any samples contain troilite? o
IR .
4, (B10) What is the average uranium |ead ratio for the lunar samples?
f 1 2
g 5. (RB6) Do you have any right square boxes left?
BT A . -
6. (RB16) Put the other red _block on the red block.
L
7. {LM3) Who is the owner of utterance eight?
* v - -
8. (B35) Do any samples contain tridymite?
i 2 |
9. (RA19) ~Would you move the stack of right cin\*.;ular- cylinders to the right by half a square?
) s rs:oos | $ §:
10.  (RCE8) Place the red triangle two squares back from the front of the floor in the middle.

‘ i s $ | — |

11, (CB1300) Alpha becomes alpha minus beta.
| | | I I

12.  (CB2300) Alpha gets alpha minus beta. i

21 |
= 13, (D10) Repeat where key word equals Gauss elimination or key, word equals eigenvalues.
A L

Figur\e A-3.  Complete Boundary Detection Results for the 13 ARPA Sentences.
Symbols marking boundaries are explalned in Figure A-1.
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NP-Verbal houndary, which has been shown to be a type of boundary which is
. frequently missing. Boundaries are also missing after the WH~pronoun plus
copulatives ("Who's" or ™Who ig"). Boundaries might be argued to be less
1ikely-there anyway, since previous results have shown that pronouns and
- copulatives both are less likely to be followed by detectable boundaries.

The only boundaries in WH-questicns and commands that are notable in their
absence, then, are that after the command verb Display in LM13 and that

before the preposition phrase of IM3. These migses are apparently'due to

the montonic speech of that particular talker.

We are left with little or no evidence that sentence type affects
relative boundary detection scores, except for the WH-pronoun effects.

The extra pauses in the command and polite command are not necessarily
results ofvsentence type, but are all hesitation pauses in the spontaneous
protocols from Stanford Research Institute.

\\,

Slqce boundary detection scores were somewhat lower in the ARPA Seutences,
and sinfe the monotonic F, patterns in those spontaneous utterances seemed
to be one factor in the results, as study was conducted on the thresholds

for detectlng fall—rise valleys in F(, and how they correlate with boundary
scores, for the GARPA sentences. In Figure A-4 is shown the number of
prédicted, extra, and false boundaries detected in the éARPA sentences as a
function of threshold. As the threshold is increased (that is, a boundary
mst be preceded by larger F, decreases and followed by 1arger Fo increases),
the number of false boundaries rapidly drops while the numbers. of predicted
and extra syntactic boundaries decreases much more,gradually. Any threshold
above 3% and below 10% or so thus e o8 most false Hﬁﬁndaries while
. preserving the detection of most predicted boundaries.

The threshold plotted‘along the abscissa in Figure A-4 is the gmaller
of the two thresholds for percentage rige in F, and percentage fall in Fo.
Past work (Lea, 1972b) has been conducted with both thresholds equal.

The Univac implementation permits unequal fall and rise thresholds.

87




~TED

NUMBERS OF BCUNDARIES DETE

N W
o o

DY NN DN
whar n oo NG

-— ot e ea o wt = N NN
> N O OO =N

-—
[N

— bt
- PN

o

Report No. PX 10146 UNIVAC

SYNTACTIC PREDICTION

—_— W 1NN DO

PREDICTED

‘lf/.\
g e
...
—.. /l’/-"-.
W
e e
1 2 3 4 s .6 7 & 9 10 15
" SMALLEST THRESHOLD ’
& | |
H

Figure-A-4. Effects of Threshold Size on Boundary Detection Resuits, for the -
6 ARPA Sentences. ' :

38




Report No. PX 10746 . UNIVAC

Figure A-/4 shows some results with unequal thresholds. Plotted at the
smallest-threshold value of 3% are:
(a) +the results with a minimum fall of 7% required while only 3%
following rise is required, symbolized by the pair (7,3); and
(b) the results with a minimm fall of only 3% required while a
7% following rige is required, symbolized by the pair (3,7).
Thus, when the fall threshold (the first in the pair) is greater than the
rise threshold, more predicted and extra syntectic boundaries are éorrectly
 detected, and less false boundaries are detected; than if the rise threshold
were greater than the fall threshold. Of course, fewer boundaries of all
types are detected if both thresholds are increased, but for nonequal
thresholds, the fall threshold should be greater than the rise threshold.
This is to be expected when one considers the general falling contours of
F, or intonation in English (see figures 9, 10, and 12 of this report).
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APPENDIX B: DETAILS OF PERCEIVED STRESS PATTERNS

Figure B-1 1llustrates a sheet on which the perceived gtress levels of
one listener are recorded for one recorded text, the 6ARPA Sentences.
Similar sheets were obtalned for each trial with each listener, each text,
and each talker. Stressed, unstressed, and reduced syllables were marked
" as S, U, ard R, respectively, by this 1istener (MFM) and another listener
| (WAL). Listener TES labelled them as levels 1, 2, and 3, respectively.
Vertical lines delimited syllables, to facilitate marking for every
syllable. ' ' |

Figures B-2 to B-15 summarize the majority perceptions from three
repetitions for three listeners. The majority perceptions for each listener
were first obtained (for each text and talker) from three repetitions.

Then the number of majority votes of a syllable as stressed, minus the
number of votes as reduced, were plotted under each syllable ("unstressed"
judgments were thus agsigned zeros, neither adding to nor subtracting
from the syllable's stress/score). Figures B-2 to B-8 show the results
for the Rainbow Script sp8ken by six talkers and for the NO SPEECH

condition where only the written text was provided to the subjects.

Figures B-9 to B-11 show results for the Monosyllablc Seript with two

talkers and NO SPEECH conditions. Figures B-12 and B-13 are corresponding ‘
SPEECH and NO SPEECH results for GARPA, while B-14 and B-15 are for 7ARPA. N
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STRESS PERCEPTIONS ON ARPA SENTENCES
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APPENDIX C: STRESSED SYLLABLES LOCATED BY ALGORITHM

A flowchart of the stressed syllable location algorithm is shown in
Figure C-1. This is a characterization of the hand analysis procedure, -~
and may have to be modified and specified in more detail for implementation
as a computer program. |

The results of applying the algorithm to astressed syllable location
for each of the recorded speech texts are shown in Figures C-2 to C-11.
The figures show the majority stress scores above each syllable. Those
syllables perceived as stressed by two or more listeners (i.e., SS =
+2 or +3) are shown in boxes. The syllables or speech portions which
were declared to be stressed by the algorithm are shown underlined.
Whenever an underlined portion includes a boxed~-in stressed syllable, a
correct location has been obtained. Cases where'én underlined portion
did not include a boxed-in syllable (that is, no part was perceived as
stressed by two or more listeners) are false locations of stressed
syllables. Many of these false locations resulted from false constituent
boundary detections, sincdithe present procedure demands that every

detected constituent have F stressed HEAD.

i
/

|
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SOUNDARY POSI THONS,

VALUKS, CONSTITURNT
ND MAXFQ POGTIONS

| OBTAIN VECTOR OF INTEKHTY VALUES 1

I

FIND ALL 508 DIPS IN INTENSITY, AND BEGINNING
AND END TIMES (308 DOWN FROM MAXIMUM INTENSITY)
OF EACH HIGH-INTENHTY REGION; OR NN

}

| START WITHIN BOUNBARIES OF FIRST COMSTITURNY J

o '
I ]
SET CENTER OF FLATEAU {OR TIME IS MAXFO POMTION IN CONITITUENT
SEGMENT JUST BEFORE CENTER, IF FOLLOWED BY PLATEAU IN l'u'
EVEN NUMBER OF SEGMENTS IN
FrLOA'Y)IAU) EQUAL TO TiMg OF PEAK NO

UNIVAC

~

15 MAXFO POSITION PRECEDEDN YIS 1S UNVOILING PRECEDED BY NONFALLING\YES
BY UNVOICING? FC FOR 30 MBEC OR MORK?

lno

~

&

[L_SET TiME OF PEAK (TOP] FQUAL TO MAXFO POSITION |

18 FO 1 HIGH-INTENSITY CHUNK ART BIFORE
OICING

2K OF MAXFO IN THE CONSTITUENT?
I ves
| &Y TIME OF pEAK [TOP) EQUAL TO TIME OF LAS

ARE THERE ANY HIGH-INTENSITY CHUNKS OF 60 MEC OR
LONGER OURATION BETWEEN TOP ~400 MSEC AND TOP
300 MBEC WHICH HAVE RISING FC WITHIN THE PORTION
WHICH 13 WITHIN J0B OF THE MAXIMAAM INTEMSITY IN
THE CHUNK?

luo

| YOICED SEGMENT WITHIN THAT HIGH-INTENSITY CHUNK]

Yis

PICK FIRST CHUNK WITH RISING FO
WHERE EMERGY I8 AT LEAST 40X
OF ALL SUBSEOUENT CHUNKS

- {FING THE HGH-INTENSITY CHUNK WITH M4XIMUM ENERGY INTEGRAL |

=)

NO MORE
CONSTITUENTS

—— o0 10 neExT ComsTiTUENT ]

e

CALL THAT CHUNK THE HEAD OF THE COMSTITUENT -

IS HEAD CHUNK LONGER
THAN 300 MSEC?

THAT
A

[ SET TEND= LAST skoMENT OF HEAD |

IS THERE AN INTENSITY DIP (308 OR MORE)

DIVIDES THE HEAD INTO TWO PORTIONS
LONGER THAM 100 M

[ SET TEMD = TIME OF EMD OF HEAD MINUS 100 MSEC |

FIND TAIL OF CONSTITUENT AS THE CENTER OF THE
LAST PLATEAU OR VALLEY IN' THE CONSTITUENT, NOT

SET TEND= TIME OF
THAT ENERGY DIP (IF

INCLUDING THE PLATEAU OR VALLEY IN WHICK THE
CONSTITUENT BOUMDARY IS MARKED.

|

DEFINE THE ARCHETYPE LINE BETWEEN TOP AND TAIL

AS FOLLOWS, FOR FO IN EIGHTH TONES {NOT HERTZ):
FoiTOR) - F, (TAIL)

LF,iTi= Fo(TOP) - —TALCTOF (T - TOP)

STARTING AT TEND, LOOK FOR THE FIRST CASE
WHERE, FOR AT LEAST 50 MSEC, Fo(T) > LFo(T}
J

MORE THAN ONE SUCH
DI1P, CHOOSE THE FIRST)

URING THE TIME run rom> LFoiT), N\ YES
IS Fgo FALLING?

lno

FIND HIGH-INTENSITY CHUNK {OF 60 MEEC OR LONGER
DURATION) WITH RISING OR NON-FALLING Fo WHICH INCLUDES
PART OF THE TIME THE Fg i3S ABOVE THE ARCHETYPE LINE.
IF MORE THAN ONE SUCH , CHOOSE THE FIRAT WITH
ENERGY INTEGRAL 2 &% OF wulounn CANDIGATE CHUNKS.

NO

[caLL THAT crume & sTREssED sYLLABLE [

FIND THE HIGH-INTENSITY CHUNK WHICH
INCLUDES THE YII. THE Fq 13 ABOVE
INE

THE ARCHETYPE L|

i3 F
T

FALLING MORE THAN AN AVERAGE OF 2 EIGHTH
S PER 30 MEEC WITHIN THE MIGH-INTENSITY
HAT 15 BETWEEN THE 508 Dips)?

p—

[SE7 TEM0~ END OF THE PORTION WHERE FolT)> LF(T] Jo-

YES /STARTING AT TEMD+!, ARE THERE ANY MORE CASES
BEFORE THE NEXT COMSTITUENT BOUNDARY WHIERE,
FOR AT LEAST 50 MEEC, Fo(T) > LF,(Ti?

et

10

96




2 ‘peul|tapun 34D EE_._o.m_u 9yl Aq payodo| aco_,,ﬁ.on *s9x0q
o Ul PaSO|IUS 34D (€ + 40 2 +=5G) SI3UAISI| 340W 10 OM} Aq Passalls s poAian4ad sajqpljAs °ajqpjlAS
[ Yopa A0GD UMOYS 34D {GG) S3.400s $SaA1S 1d110G MOquIpy ay) bulppay HSY 43)|pL 40} ‘sutonond
5341 PIAIFDIAd YIIM | SIIQD][AS,, Passa.lS paipoo] Apoiwyiiob|y Jo uostapdwod  ‘2-D 34nbid
MOa[NIVa] IHL 40 (N3] 3HL Lv [a709) 40 [L0d] 3HL ¥O4 ONI[XOOT) SI 3H[AVS|[SANI Y] SIH
0 2+ €~ 2=, 2+ € T 4+ £- e+ € - - €+ ¢ T ¢+ £+ A
i » . X ]
FROVId] sIH [ONOA|38 ONIHL IWOS Y04 [SHOOJNVI] v NIHM
2+ - 2= ¢+ ¢- L= F»+ €= £+ 2+ £ -
SRR o S CH—
11 [SaNid muf ano [oN] Lna [X00]) 31d[03d}
‘ ¢~ £+ T b+ o €+ 2 ¢+ € 24
. e ed . [ L ed . . e W
"aN3 [3NO] LV [@109] 40 [LOd] oNi [T108] v ‘an3o(T oL oNi{a¥0d]ov {51 3u3HL
b+ 2+ ¢ €+ 2- 2+ - €+ € T T+ T T e+ € €&+ LT
$ — on— - cn— | eaa——
'NOZ[lJJOH 3HL [ANOAJ38 A7 LN3[¥Vd]dV [SONT)[OML] SLI ONV
¢~ ¢+ € 2+ L= b= £ €4 T 2+ €+ ¢ ¢€-
. 1 ]
~ [3A0E]V [HOHHLVd] SLI HLIM
2+ 2- £+ £+ o= €
-y . b SRS SN
© [HOuV][ANNOY][ONO1) v 40 FdVHS] 3H.L [FAVL](FSIHL]
m e+ £+ £+ €~ €~ 2+ €+ 2+
w *s¥071[02) In4 1L[AVIE] AN (V] oL NI [LHOIT](3LIHM] 40 NOIs[IA1a Vv sI moa(NIVd] 3HL
o - ¢+ - € e+ b= T+ T-L- 2+ €+ €~ - e+e- €2 b= €+ ¢
m e d ' e ———
- "‘mog(NIVY) v [NN0d) aNV :E< I [LIV] A3HL
W _— b+ 2+ €= 2+ €= T €+ € L+ &+ Lo
& fiIV) 3HL NI sdoua [NIVY)(SINTHLS) LHOIT OS] IHL NIHM
¢+ €= ¢- L+ £+ c+ L+ €+ ¢€- L=

108




UNIVAC

Report No. PX 10146

*poul|Japun 34D Eﬁ...om? Yy} Aq paip30| suondod “saxoq
Ul POSOOUd 34D (€ + 40 2 +=CS} SA0U3}S]| 9J0W IO OM} Aq PIsSaJis SD PaA|e2.43d sa|qD||AS *a|qp|lAg

YOoDd SAOQD UMOYS 34D (SS) S3400S SSa41S "3d110G moquiny 3yl Guippey HMO 490 L 40} ‘susannd
SS341S PAAISDIId YIM ,,S3|AD]IAS,, PISSaJlS PRID0] Ajjodiwyliiob) Y JO uosiipdwo) €-D 34nbid

/
\
. ]
;omlu_._._. 40 lm:._. 1y Euo Emz._. ¥Oo4 cz_lm_ 3H AYS Eﬂ:
m + €~ €~ 2+ £ ¢~ N+A, 2- €+ € e~ - N+ e -+, £+ z-
FHovau JsiH [ONOA J3e oz_E.Emoh_ wxoo._ﬁmmT NIHM

e+ | - €+ e 2= Z+ €= b+ €+ € L~

w .:E«g 3 o m@pzm ”u#_ [0d]

- €+ T 0 »o e+ 2= c- €+

R S L]
nzm_uzo_:_n._ _.._oﬂﬂoz__._.om v ozmome oz__nmou_u< __“m_muauzp
L+ 2+ e~ I~ €+ 2= 2= 2+2- 2= 2+ - £+ -
—— . oe———
3HL [ONOA]3g A7 IN3[vd]dV SaN3 OML]sii anNV
2= 2+ ¢- €~ e+ b= 2 €~ €+ - b+ €+ T- €=
] - [
308 ¥ HOIH[HLYd |SL1 HilM

P+ 2~ 2+ €+ - €~
III
- _IU¢<__QZDO~_—OZO|__< u_O_un_<Iw_uI._. u¥<._. uwu_._h

£+ €+ g~ 2= m+

.mmo._.w.ﬂ._m.._ _._._:<um_>z_m.30p NI .c._w_._ l.._o NOISIA 1G V SI ;Wml 3HL
o

2= €+ ¢ €= T+ T+ eor b- € 2= L+ N'm' z- €+ €-
M08 NIV v _zmo..__ aNv N l v 3N l A3HL

m €+ € 2+ € €- 2+ £~ 0 £+ -




e *paul|43pun 34D wiyyJo6|o Yy Aq pa)pd0] SUOI0d “Saxoq

N c_ pasojoud 9.98 +40 2 + .anm/o:oum_ aJow 40 oM} Aq passaJls Sb paAladad s9|qp||AS °alqp|lAS
., YOD3 IAOGD UMOYS 34D .(§S) S31005-55941G *3d14DS MOqUIDY ay) Bulpody gGM 49MIDL 40} ‘sutsuvd
$S34)S pPaAjadiad E_.s :mo_nu_;n: pPas5941S PaID20 Ajjpotwiyyidob|y jo co.w:uanu ‘p-2 94nb} h_

.,./

UNIVAG -~

Ly X y____ ¥ 1.

;omlm_.: 40 -m_.: :_n._om _h_o_poa ]aHL w04 ONIIOOT] st 3H [AVS][S m_mbm_:

T~ - 2+ € T 2 €= 2 m+' - €+ € 2= L= €+ T 4

I
_Iu<mm_m=.__ GNOA]3g oz_I._. JNOS moh__nu.oo.___z<2_< NIHM
,,.m+ﬁ ¢~ %+ ¢ e m+ €= S+ €+ €~ _‘u,

|

"11{SAGNI3]¥3A 3 3NO 3 aNo o] Lna (00 _m#_ 0wa .
. %

- €+ - E - 2+ 2=
|/
"an3 [3noJLv (@109 ]40(L0d oz__.__om_<.nzuoﬂoh. ONI (@802 <@m¢m:k
i+ 2+ 2= €+ - ﬁ - €+ ¢€- mu €+ 2= 2= . N+ z- N+ o
| | zON.ﬂ: 3HL [GNOA ]38 A IN3[UVd}dv saN3 omi] Eﬂ._ anv
- £+ |- € 2+ L= 1= € 2+ T 0 £+ Nu €-
~ (3hoalv __._o_:_ﬁp<n_ _2._ HLIM~—

S+ ¢- €+ £+ m _‘

- . ?oﬁﬁmaom_ o1jv 40 am_ﬁ mv_:E

110

L= m+ - 2y €T €+ € 0 €+ 1=
Ty - |

[a1v]3HL z_ sdoyd _z_<a_mmx_m._.n_»:o_._ [NNS]3HL N3HM

e- L+ 2+ 0 £+ €~ - - \

O
- = _; € €6 T &
V) ) ._.o nd _L:<mm._>z m _nc. NI _._._._o_.___m._.__._;_.._o zo_n._n v sl ;omlm_.:.
n” - 2+ -2 e+ - 1= 1= £+ €+ € 2= 2+2-¢- 2 |- c-
2 T / %l l
o ; _"moa[NIva] v [waod]anv :m< IN[LIOV]AIHL .
. W : ,
i




UNIVAC

Report No. PX 10146

| , “paui|Japun 2.4p Wyy1106[D 3y Aq paIDo0] SUOI0d *SaX0q
Ul P3SO|OU3 94D (€ + 40 2 + =5S) SIUIISI| 9I0W 10 OM) Aq PaSS3AIS SD PAAIaDIad sa|qpljAS "3|qp||AS
YoD3d 9A0QD UMOYS 94D (§S) $9400s sSa.1¢ "1d149G Moquipy ay) Buippay dft 49)IpbL 10} ‘susanpd

$S941S PIAIDIAd YHM ,S3|qD]IAS,, PaSSILIS PaIDD0] A|1DD1uy3i405]Y JO uoslandwio) *g-D a4nbi 4

e .
—_ e

§o-lm=:. 40 [aN3] lmE. :_Soo .._o:.oa_uE. ¥04 ONIX001]s! mz_><n_mnzm_~_.._?z
- 2+ g 2= 2+ e - L~ m F b= 2+ 2- b= 2+ L-
HOVIY m_z_nzo> [GNOAJ3a ONIHL(EA0S _mo..;c_ooqﬁ,‘L“ NIHM
e+ b= €+ L= - e+ - e+ £+ E- T

0 CHENENERRE. L I
.h_am? 3 3INO[ON]Lna [X001]31d 03d
L- €+ ¢- _‘+ - €+ ¢- £+ e L+

"anN3| mzo:.<_ Soo_.._om._._oa moz_?_om_< nzmoﬂop oni[gyod bv [si]3yaHL
£+

b+ 2+ b= &+ 2 b= €+ €= T €+ 2- - 2+ e b=
' ssm—— e e =

zo~_m_.: aHL {aNOA 38 A1 ._.zul._< saN3 [OML]SLl ANV
- £+ 4.. €= ¢+ b= b= g €+ 2- F+ €+ ¢ ¢-

o _u>om_<_:o_:__::a_mt HLIM

{
c+ ¢ £+ €+ ¢g- 2~

| __ oujloNo 1) v h_olm_.:. uxE.E

e . m+ €+ e T«

|| II
2.3.4:.._ :.|>z lo NI (LHOIT]@LiHM]40 NOIS A 1Q v S ;omlm:»
- €+ e-¢€ 2+ e 2+ g b= 2+ L€+ 2= € l4eT-g-2- - €+ €=
1 N @ 1 K ]

‘mog[NIVY]v[W0d]aNv W[siid]v 3N [LIV]ATHL

- 2+ - 2+ € z- 2+ e~ 0 €+ 1-

L
HE_ 3JHL NI Sdoya _z_<m_mmx_m:m_p:ojﬁ@mzh\ NIHM
e 1= L+ €+ 0 € € -

111
100




UNIVAC

Report No. PX 10146

*paul|Japun 340 wiyyii06|p 3Yy Aq pIINI0| SUONI0d °Saxoq

uj paso|dUd 34D Am +40 2 +=GG) SJ9U3)SI| 940W 40 OM} Aq PassaJls SD paAlad.ad sa|qp||AS °3|qp||AS
YOP3 IA0GD UMOYS 34D (GS) S3409s ssailng '1diadg moquiny ay) 6uippay gd 4Pl 40} ‘suJannd
$S341G PaAIadiad YIM , Sa|qpljAS,, passaliS paipdo] A||poiwiyliiob)y o uosiapdwo) ‘9-D a4nb1 4

zomlm_.; .._olm_.; :_ .._.._o_pon__m:p ¥o4 oz_ln_ aH[Avs][s ozm_m..__n__..
0 £+ T ¢ e~ - €~ €+ €~ 2= T~ T+ €= T T+ €+ 2= T
?uﬁz ]siH [GNOA]J38 ONIHL[3NOS 404 [SHOOT|[NYW]V NIHM'
+ L- £+ m- b= .m+ £~ . 2+ &+ € -
*11[SaQNI4] l¢m>@mzo .Sm [ u_oo._ _m._n_ omn_.
2~ £+ L= 2+ 0 €+ mn.
E 3 = GRS L] |

Fan3]@No]Lv [@109] do(lLod]oni[T108] v ‘an3o@T]ol oz__omou _u< E1ELELT

2+ €+ ¢ 2+ ¢ |2+ |~ m+ €~ 2= £+ mu - €+ 2~ £+ - -

101

..zoNH_,._.. 3HL Emm A pzmlnz san3[oml]sil OGNV —
- £+ "€~ %+ 2 2 € €+ 2= b+ €+ b= 2= )

_m>om_< HOIH{HLVd [S11 I._.:s
| , 2+ 2= m+ £+ - m..

o _:u~_<=oz:o~___ o.__< 40 Im_ﬁ INVL 3STHL

m+ - m.. 2+ £~ e+ L+

"s¥01[02] N4 _.rl>z.mp z__:..u_.___m:_..;_.._o NOIS IA I V SI ;omlm_.;

- 2+ 2-€ 2+ - £+ w- - €+ e T e € €-2- 0 €+ @

| ;ommz_<m_<_z~_o.._ Janv _zl< N1V JA3HL

0O €+ 2 2+ € ¢ €+ € 0 2+ -
||I

‘¥1V]3HL NI sdoua|(Nivy mmx_ﬁn_:..o_._ [NAS]3HL NIHM
¢+ € ¢ 0 £+, c+ £+ € L~




UNIVAG

Report No. PX 10146

‘\(1—_—:_,\

| *paulj4opun 94p wy1106(p ayy Aq paiwo0oj mco_ton_ mmxon

Ul pasoloud aJp .m + ‘.o 2 +=5G) S4aua)s1| 940W 40 OM) Aq PasSSaJls SD paAladlad sa|qp||AS "3|qpjiAS
YOD3 JAOQD UMOYS 34D (§S) S9400S SSaAIS °1dIadS MOquIDY 3y} BUIpDIY YJ 49)IPL 40} ‘sutanpd
$S341S PaAIadIad YIIM ,53(qD|[AS,, POSS341S PaIp0T] >=3_E£_..om_< jJo uosiapdwo) ~...u o..:m_ 4

|

L ———— . o i
zomNm:p do[aNF]aHL :W._oﬂ_.._o [L0d]3HL ¥o4 oz_In_ u:7<4wdzu_¢..:n_:
T AT A e S 2+ 2= 1-. 1-
_fo<ug_n_:_nzo> _mm oz_:p_uzon_mo.._wlu_é< N3IHM

2+ ¢ L= 2+ 2+ - €+ €+ € L-
M I I

| :lmu> 3 3NO [ON]1na[™0071]31d 03d

i l- "€+ 2= + 0 2+ ¢- m+w £~ o» o «

nzu?zo_:W._oo_.._oEom_cz_jom_< ‘aN3o[@7]0L ONI[qu0D] <mm|w_umuzp
0 2+ o= €+ o T+ L- _E+ 2 T Er £ - % T fr L

zon.wz u:pEmm Al pzu_m<n_n<_mnzm=o§p_m: nz<
€+ b= :

- £~ c+ 1= T. _mu £+ ¢- N+

102

ELYT)\ :._oE__._:n_ _n.: HLlIM

|

|

| 2+ 2= €+ €+ o= 2
h_lll ——
i

]
_ [aNnO¥][ONOT] v 40[3dVHS ]aHL uxﬁ@

°

. 2+ m+ €+ €- 2 m+ e + A
*s¥01(02] N4 1L[AV3E JAN [YW]OL NI _.Eo_.___u:.._;_.._o NOIS TA 1Q V SI ;omlu:.r
e~ o+ e-T- 2+ b= 2+ 2 L- m+ mu 2- e+mu €= L= - €+ ¢€-

;om_z_<m_<_zmo..__nz< :l< N [1IV]ATHL

- 2+ €~ N+ mu 2~ €+ €- o 2+ L

ﬂn_ 3HL NI mnomn_z:m__. ANIALS JLHOIT @uzp NIHM

€= - L+ £+ £+ L+ £+ iy L~

N

5




UNIVAG

Report No. PX 10146

. "d142g d1qp||Asouoiy ay) buippad HSY 49)j|DL 40} ‘suianpd mmo..zm

PaAIad4ad YIM ,,SBIqDIJAS,, PISSaAIS PaindoT] AlJbdIwy1406|Y J0 uosiandwiod *g-0 a.nbid

10D

2+

£+ €=

.A, ~—

1

im_.:. 77IL _mm __nm%_ D] NV [INIM | pzm; I OS

e+ €+ € - -e- s+ L= 1=

OVH 3H LVHM NO E._._:. 1SV h.o,z n._:o;_u>2.m_m:p
- - b+ 2= £+ - c+ 0] c- £+ mu

- I' anE—— ——
Ilimm_._._.goq m.:: m>._m;._. wm>_._ OI; m_._._. >m JAU3IHL ._..._m._
_ sy w

'm_.:. >m %zmmm a<_._ l..._o_ m._z_ S

ey
mD ._.mmmw O._. mmm_._._. mmm;_mazm_mu_na._oﬂ._.:m —

Ly 2+

_m_.:.:om_rmmp_m_m_._h zoEns._ nnm_mm

1

T . 1 ll I
[favod]aHl ‘_rml:_.:._ o._ J_mo_éz__nﬂzc_m:h geﬁ
c+ €~ - &+ L- 2- - 2+ €+ z-
v s ¥ Y
_u><o=._.._<_mz. OHSJ(NNS]3HL
S+ £+ S+ £+ ¢€-
. K 0000 0o lII
. [F3NNF)NI _zm<.._ _m_.:. E. @pzmzaaz<a
| . 2+ ¢- - g= -2+ - :




UNIVAC

Report No. PX 10146

*31d1126: 21qp] | ASOUO 3y Buippay HMO 493|DL 410} .m:\_ozun $sa.11$

pPaAladdad Yiim . S9|qp||AS,, Passa.ig paipd07] Aljoojwyaiao6|y Jo uosl .uanU *6-D 94nb1 4

~

|

7

\\mlllll W Il
MEEHFE j_pl u&oxu nz<ﬁ_ os
1

, mu m+ b= -
W l l Il

X ]
Es: 3H .:u._; zolj_p Epoz 3:03 m>o.5 JHL
+ '

£+ - c+ L+ T : £+ mu

C n<om _m::z;on_m mq_il>d;:nm>3 o:;lm:p AQ FYIHL Em:
€- 2+ les €+ A= €- Tm_ Ly —€F
3004]3HL A4 nmxu: [@3IXOVLSINI3Ia avH Eooi 40 [S371d]

e+ &= 1= €+ A 2 w+ €~ £+

. S ) ]
.m:_._.mmmo_o.r JYIHL J¥IM[SANIINL][@T0]Lng
! L- 2+ z- L+ - m+ £+ z-

a<0~_ IHL Ad

€- —.l

__IhDOw _mmmh_,m_mf_h NO _h."_m.__ns.m_ nm_m__hwoi_
_m L= b= €+ 2=
ll Il Ill

' LVHL [S@T314]3 n_;_z_ _ m<¢c_m:p _nu>«;__nz_;_ aNv

+ | e | c+ ¢ 2+ + 2=
(Ava T _u;o:n_*z:z IHL
2+ e €=

c+ - 2+ T A - 12+ ¢€- £+

1

(3NNCINI (WYVd]3HL oL &.. pzm;an,‘%

104

{ . e




IR tads

PIRL

RS AL I )

‘Report No. PX 10146

m
4
m
»

13

'

UNIVAC

i

*
.
]
i

*$92UQIAG <n¢< 9 3y} 40} .a:._o:ua $$9.418 vo>_ou..oa

M mo_%__»n: _839.5 PRID00 Ajjpojwuyyidobly jo cou_._&Eoo "01-2 o..:m_.._

lmu_._pﬂ_llglm__nmz_zuam:» ind
2 |

b

2+ £ €+ - L+

&.._Bmmmummgmmﬁﬁm_»i m»i _..Q@u
.o. .mu. 2+ £+ n+ £~ 0 o r A

.

éS31d[NVSNVYN[MT ml IHL ¥Od o_hlﬂs_: IN(V¥n uo< mm.u:h si ::;

2= £+ (4

ﬁ

|
|
i
|

€~ € 0 T €+ T T €+ - B~ € €+ £ L= L+
¢ILINM(IOY¥L)NIVLINOD mmga@> NV 0G
- €+ 2+ 2 £+ €0 -

©

¥O oﬁ_um_% |aH.L (A0S (FAog)v ﬁum.ui@o:a IHL En_a

+ £- €+ 2= c- 2+ L= 2+ - £-

Emui zu_t: _h__o mmlm:h n.BIHu

E= T &+ €0 €= £+

nb

L 05




N s

UNIVAC

|
w n
_
w
|
_

*SIDUBNRS VdAV L 3y} 40} ‘sudanpdd noubm
PaAladJad E_:s «SOIAD|IAS,, vomm?.uw PeID20] Aj|pojwiytioby jo uostipdwo) *|1-D 34nbid

/’\

-

I- 2+ - €+ 2= L+ 0 Z- 2+€-0 - €+ - L+ q@m+ L-

- ~ 'vL[38)SnN[N] YHA[1V] s139 VHd (TV] =

"\ ] . ¢- %+ YC- £+ - €+ 0 e~ €+

l
. |
% _
N L ﬁ.m:z_.@us._n: SaIN0D]ad <_._n_.
. ¢~ 2+ 2= €+ - €+ N+ - 2= m+ wnwv
m._%@umzh NI[¥00714]3HL .._o?.zom..__m.._h s_om..__xu<m_mmm<:% 3719 z<_ mh_@mm_m.._:mujm_
€ €&+ € T 2+ €= €~ 2+ c- 2+ €+ 2= - 2+ €+ ¢ +
[3avnos]v [37vH]Aa[LHOI¥]3HL OL s¥3a NI[JAD] amﬁ :u_m_u_t._o_m |40[XDVLS]3HL[IAONINOA aTINOM
e+ €~ €+ L1 €+ € T g €= 2 - - L €+ ¢ T S CR

| .m:._z >E@3 mm.E_H_».on

c- + €~ €+ -2+ L-

Emof mmE.._o UI(NMD]IHL m_'
£~ €+

€= Nl €+

Report No. PX 10146
\




